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Introductie/Samenvatting
M.H. Saher
1.1 Introductie
Dit proefschrift is grotendeels het werk van één onderzoeker die jaren van haar leven gewijd heeft
aan het bestuderen van een kolom zeeslik in een PVC buis van ongeveer 16 meter lang en 10 cm
in doorsnede, uit de westelijke Arabische Zee. Waarom iemand haar tijd zo inricht wordt
uiteengezet in de komende bladzijden. Wellicht raakt de lezer overtuigd van waarom dit soort
werk van waarde is, en waarom het zo lang moet duren.
Het is belangrijk om de werking van het klimaatsysteem goed te begrijpen om te kunnen
anticiperen op toekomstige veranderingen hierin. Aangezien het klimaat het dagelijks leven van
vrijwel iedere levensvorm op aarde beïnvloedt, kan het belang ervan nauwelijks overschat
worden. Nog een reden om klimaatwetenschap te bedrijven is simpelweg het fundamenteel
wetenschappelijke aspect: proberen de wereld om ons heen te begrijpen.
Aangezien mensen landbewoners zijn, en de meeste bronnen van het menselijk bestaan zich ook
op het land bevinden, heeft vooral het klimaat op de continenten onze aandacht. De oceanen
daarentegen herbergen de beste (klimaat)archieven, in de vorm van sedimentpakketten op de
oceaanbodem die zich vaak over honderden vierkante kilometers uitstrekken. Deze zijn namelijk
grotendeels ongestoord, continu, en hoog kwalitatief. Eén kubieke centimeter diepzeesediment
kan de resten van miljoenen mariene organismen bevatten, die allemaal informatie dragen over de
fysische, chemische en biologische omstandigheden tijdens hun leven.
Dit werk handelt over de geschiedenis van de moesson, zoals vastgelegd in archieven van o.a.
zeewatertemperatuur, in de westelijke Arabische Zee tijdens de laatste twee ijstijdencycli, met de
nadruk op de glaciaal-interglaciale overgangen of Terminaties. Binnen deze perioden ligt de
klemtoon op klimaatvariabiliteit op de schaal van duizenden jaren. In de volgende secties zal ik de
algemene achtergrond van deze studie toelichten. In de eerste sectie, “het moessonsysteem”,
bediscussieer ik de algemene circulatiepatronen van de oceanen en de atmosfeer. De moesson, die
ik daarna toelicht, is een gevolg van de mondiale atmosferische circulatie. Ik ga vervolgens in op
het studiegebied; de Arabische Zee, die gedomineerd wordt door de moesson. De zomermoesson
resulteert onder andere in het opwellen van koud water langs de kusten van onder andere Somalië
en Oman, waar ik de werking van kort toelicht. Ik introduceer ook de organismen wier
skeletdelen de ruggegraat van deze studie vormen.
In de sectie “analytische methoden” beschrijf ik de verschillende technieken die gebruikt worden
om paleoklimatologische informatie the onttrekken aan diepzeekernen zoals degene die het
materiaal geleverd heeft voor deze studie. Ook leg ik uit hoe we de ouderdomsmodellen door de
resultaten construeren. De veronderstelde aansturing van deze klimaatsverschijnselen wordt
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geëvalueerd in de daaropvolgende sectie “aandrijfmechanismen van het mondiale klimaat”. De
klimatologische karakteristieken van de laatste twee ijstijdencycli worden besproken in “de
ijstijdencyclus”.
Hiermee zijn de achtergronden van de studie geïntroduceerd. Tenslotte ga ik in op de
onderzoeksvragen die in dit proefschrift gesteld worden, en de antwoorden hierop, in de sectie
“deze studie”.
1.2 Het moessonsysteem
Moessongebieden zijn essentiële gebieden voor klimaatonderzoek, en met name het areaal waar
de Indiase moesson heerst, aangezien deze de levens van meer dan een miljard mensen beïnvloedt.
De enorme hoeveelheden energie die getransporteerd worden door moessons hebben hun
weerslag op het klimaat van de hele wereld. Ik zal eerst de globale werking van het (Indiase)
moessonsysteem uitleggen.
1.2.1 Atmosferische circulatie
Het algemene circulatiepatroon van de Aardatmosfeer kan versimpeld beschreven worden als drie
banden van evenwijdige winden op elk halfrond (Fig. 1.1). Op de evenaar, waar temperaturen
hoog zijn, stijgt warme lucht op. Deze lucht koelt af en daalt weer op een breedte van ongeveer
30°, waarvandaan het terugstroomt naar de evenaar. Dit patroon staat bekend als een “Hadley
cel” (Fig. 1.2). Er zijn nog twee van dergelijke circuits: de “Ferrell cellen” tussen grofweg 30° en
60° breedte, en de polaire cellen tussen grofweg 60° en 90° breedte [Ruddiman, 2001]. De rotatie
van de aarde veroorzaakt de Coriolis kracht, die deze windpatronen op het noordelijk halfrond
naar rechts afbuigt, en op het zuidelijk halfrond naar links. Dit resulteert in zuidwestelijk en
noordoostelijk georiënteerde winden op het noordelijk halfrond. Waar warme lucht opstijgt treedt
Fig. 1.1Schets van de  atmospherische
circulatie van de Aarde. Uit: Ruddiman
[2001]
Fig. 1.2Schetsmatige doornede van een  Hadley
cel. Bron: Creative Commons
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wolkvorming op, en regent het overvloedig. De meest prominente van deze precipitatiebanden is
de Intertropische Convergentiezone (ITCZ), waar de Hadley cellen elkaar raken, en die de
meteorologische evenaar vormt. Waar droge lucht daalt is neerslag veel schaarser, waardoor op
de deze breedtegraden de meeste woestijnen te vinden zijn. Door onder andere de invloed van het
reliëf van het aardoppervlak, en de seizoensgewijs veranderende verdeling van de inkomende
zonne-energie, zijn de atmosferische circulatiepatronen niet zo simpel als in Fig. 1.1. De ITCZ
valt bijvoorbeeld niet samen met de evenaar, en verschuift met de seizoenen (Fig. 1.3). Voor een
uitgebreidere uiteenzetting over deze processen verwijs ik naar Ruddiman [2001] en de erin
genoemde bronnen. Ik zal de situatie in de Arabische zee gedetailleerder toelichten in de sectie
“het Indiase moessonsysteem”.
1.2.2 Oceaancirculatie
The circulatiepatronen in de oceanen worden voornamelijk gestuurd door de wind,
dichtheidsverschillen, de rotatie van de Aarde, en de configuratie van de continenten. De Coriolis
kracht doet watermassa’s met toenemende diepte onder een grotere hoek stromen met de winden
die hen voortstuwen.
De dichtheid van oceaanwater wordt bepaald door temperatuur en zoutgehalte (saliniteit). Als
oppervlaktewater een hogere dichtheid krijgt dan het onderliggende water zinkt het. Ten gevolge
van de ongelijke verdeling van instraling door de zon over het aardoppervlak ontvangt zeewater
op hogere breedte minder energie. Op hoge breedte zal oceaanwater dan ook kouder zijn, en dus
een hogere dichtheid hebben. De oceaan die zich vanaf de tropen tot de hoogste breedtegraden
uitstrekt is de Atlantische Oceaan. De toevoer van oppervlaktewater naar de noordelijke regionen
van de Atlantische Oceaan loopt via regionen nabij de Evenaar (bijv. de Golf van Mexico) waar
zich veel verdamping voordoet. Terwijl het water noordwaarts stroomt koelt het af, en wordt het
nog zouter dan het door verdamping al geworden was vanwege zeeijsvorming (zeeijs bevat geen
zout). Tegen de tijd dat het water de koude regionen bij IJsland en Groenland heeft bereikt, heeft
het een dusdanig hoge dichtheid dat het de diepte in zinkt. Aangezien het gezonken water
aangevuld moet worden wordt er oppervlaktewater naar de locatie van diepwatervorming
getrokken. Deze noordwestwaartse stroming is verbonden met de warme Golfstroom, en
veroorzaakt het milde klimaat van west Europa. In het algemeen wordt dit proces aangeduid met
thermohaliene circulatie (THC), vanwege de afhankelijkheid van temperatuurs-en
zoutgehaltegradiënten in het oceaanwater [Gordon, 1986]. De noord-zuid component van dit
Fig. 1.3Positie van de
ITCZ in januari en juli.
Naar een figuur van:
New Media Studio
Januari
Juli
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verschijnsel wordt ook “meridional overturning circulation” (MOC) genoemd. Het ontstaan van
diep water vindt tegenwoordig voornamelijk plaats in de Noord Atlantische Oceaan. De locatie en
sterkte van dit verschijnsel kan, op een schaal van honderdduizenden jaren, gevarieerd hebben
[Seidov and Maslin, 2001]. Op geologische tijdschalen hebben andere, door plaattektoniek
veroorzaakte, verdelingen van de continenten tot fundamenteel verschillende patronen van
diepwatervorming geleid.
Vanwege de ligging van de continenten vertonen de oceaanstromingen niet het regelmatige
patroon dat men kan construeren in een geheel met water bedekte aarde, en wat vergelijkbaar zou
zijn met de geïdealiseerde atmosferische circulatie in figuur 1.1. In sommige gebieden komen wel
delen van dergelijke patronen voor, zoals de stroming van Indonesië naar Madagaskar door de
Indische Oceaan, en de circumpolaire stroming die om Antarctica heen stroomt (Fig. 1.4). De
meeste oceaanstromingen echter worden beïnvloed door de configuratie van de continenten.
Fig. 1.4  Schets van de  oceaancirculatie van de Aarde
Fig. 1.5 De Arabische Zee vanuit een
breed perspectief, en de locatie van kern
NIOP929. Bron: Google Earth, 2006
Oppervlaktewater
Diep water
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De oppervlaktehydrografie van de Indische Oceaan, waar de Arabische Zee deel van uitmaakt,
wordt gedomineerd door wateraanvoer uit de Pacifische Oceaan via Indonesië, die bekend staat
als “Indonesian throughflow” (ITF) [Godfrey, 1996]. Vanaf Indonesië stroomt het water in
westelijke richting tot aan Madagaskar, waar de stroming zich splitst in een noordelijke en een
zuidelijke tak. De noordelijke tak stroomt de Arabische Zee in, waar een deel blijft circuleren en
een deel doorstroomt naar de Golf van Bengalen [Schott et al, 2002]. Het grootste deel van de
zuidelijke tak buigt verder zuidelijk naar het oosten af om vervolgens terug de Indische Oceaan in
te stromen. Een klein deel stroomt westwaarts langs Zuid Afrika de Atlantische Oceaan in; dit is
de zogeheten “Agulhas Leakage”, waarvan aangenomen wordt dat deze een belangrijke rol speelt
in het mondiale klimaat [Peeters et al., 2004].
1.2.3 Het Indiase moessonsysteem
De Arabische Zee wordt aan drie zijden omgeven door landmassa’s: Afrika, het Arabisch
Schiereiland, en Eurazië inclusief het Indiaas schiereiland (Fig. 1.5). Aangezien landmassa’s een
lagere soortelijke warmte hebben dan oceanen, warmt inkomende zonne-energie de continenten
sneller en meer op dan de oceanen. Tijdens de noordelijke zomer resulteert dit in hoge
temperaturen, en dus lage druk, op de Tibetaanse Hoogvlakte, waardoor de ITCZ naar het
noorden opschuift (Fig. 1.6). Boven de Indische Oceaan zijn de temperaturen lager en de druk
dus hoger, wat leidt tot de aanlandige, zuidwestelijke winden van de zomermoesson. Deze wind
neemt veel waterdamp op [Delaygue et al., 2001]die weer vrijkomt als de luchtmassa’s opstijgen
boven de uitlopers van de Himalaya. De resulterende regens maken niet alleen landbouw
mogelijk, maar bij de condensatie komt ook veel warmte vrij, die bijdraagt aan de drukgradiënt
tussen oceaan en continent.
In de noordelijke winter leiden geringere zonne-instraling op het noordelijk halfrond, en een door
sneeuw toegenomen reflectiecoëfficiënt van de Himalaya, tot een hogedrukgebied boven Tibet.
Toegenomen insolatie op het zuidelijk halfrond resulteert in een hogere temperatuur van het
oppervlaktewater. Deze temperatuur, en de bijbehorende atmosferische druk, leidt tot de koude
en droge aflandige noordoostelijke wind van de wintermoesson.
Dit patroon van seizoensgewijs omkerende winden karakteriseert de moesson. In het dagelijks
gebruik wordt er vaak de resulterende neerslag mee aangeduid, maar dat is technisch gesproken
onjuist. Zo ook onjuist, doch in de mariene wetenschappen niet ongebruikelijk,  is het door elkaar
Fig. 1.6 Schets
van het Indiase
Moessonsysteem.
Naar: Fleitmann
et al. [2004]
ITCZ
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Zomer Winter
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gebruiken van “moesson”, “zomermoesson” en “opwelling”. Deze gewoonte is heeft te maken
met dat in de meeste klimaatsreconstructies de evolutie van de moessonwinden indirect afgeleid
wordt uit de reacties van marien leven op door de zomermoesson veroorzaakte opwelling.
1.2.4 Opwelling
Het oppervlaktewater van de Arabische Zee wordt ’s zomers voortgestuwd door de
zuidwestelijke winden van de zomermoesson. De resulterende stromingen worden door de
Corioliskracht afgebogen naar rechts. Door deze divergentie is de netto stromingsrichting van het
water loodrecht op de windrichting, en van het land af. Dit verschijnsel, “Ekman pumping”
genoemd (Fig. 1.7), zuigt koud water vanaf een diepte van enige honderden meters naar het
oppervlakte (Fig. 1.8) [bijv. Anderson et al., 1992; Brock et al., 1992]. Dit proces wordt
geïllustreerd in het temperatuurskaartje van figuur 1.9. Het opgewelde water is veel rijker in
nutriënten dan het oppervlaktewater, aangezien aan het oppervlakte, waar zonlicht doordringt (de
Fig. 1.8 Opwelling. Uit: Ruddiman [2001]Fig. 1.7 Schetsmatige uitleg van Ekman
pumping. Uit: Ruddiman [2001]
Fig. 1.9Komposiet
satellietbeeld van de
oppervlaktewatertemperatuur
van de Indische Oceaan in
augustus. Het
temperatuurseffect van
opwelling bij de Hoorn van
Afrika en Oman is duidelijk
te zien. Bron: NASA
Een kleurenversie van deze
afbeelding is te vinden in
appendix III.
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fotische zone), het overvloedige plankton alle beschikbare voedingsstoffen snel weggraast. De
hoge voedingsstoffenconcentraties en lage temperaturen van het opgewelde water geven het een
geheel eigen faunasamenstelling. De noordoostelijke winden van de wintermoesson hebben het
tegenovergestelde effect; Ekman transport stuwt het oppervlaktewater tegen de kust aan, en er
doet zich geen opwelling voor. Als de wintermoessonwinden sterk zijn kunnen ze het
oppervlaktewater van de Arabische Zee sterk mengen met het onderliggende water, en het
daardoor enigszins afkoelen. Tussen de moessonseizoenen in is de windsterkte laag, de
watertemperatuur hoog, de zeewatermassa sterk gelaagd en de productiviteit laag.
1.2.5 De Arabische Zee
De Arabische Zee is een geschikt gebied voor klimaatreconstructies om verschillende redenen;
één ervan is dat het gebied door de moesson een hoge primaire productiviteit kent. Hierdoor
regent veel materiaal, voornamelijk restanten van plankton, naar de zeebodem. De dikke
afzettingen die zich daar ophopen maken klimaatreconstructies op zeer hoge tijdsresolutie
mogelijk. Een tweede reden waarom moessongebieden geschikt zijn voor paleoklimaatonderzoek
zijn de seizoensgewijs omkerende winden zelf. Deze heftige atmosferische verandering leidt tot
grote seizoensgewijze verschillen in bijvoorbeeld watertemperatuur, diepte van de thermocline (de
diepte waarop de watertemperatuur sterk verandert), en saliniteit. De variabiliteit van dit systeem
maakt het gevoelig voor veranderingen, die vervolgens worden vastgelegd in het sedimentaire
archief. Daarbij voorziet de Indiase moesson in de noodzakelijke neerslag voor het bestaan van
meer dan een miljard mensen. Het is daarom cruciaal om dit systeem, en de mogelijke
toekomstige veranderingen erin, goed te begrijpen.
1.3. Aandrijfmechanismen van het mondiale klimaat
Op een tijdschaal van honderdduizenden jaren is de afwisseling van ijstijden en tussenijstijden de
meest in het oog springende fluctuatie. Deze cyclus is mede gerelateerd aan variaties in de baan
van de aarde om de zon, en de resulterende variaties in inkomende zonnestraling. Deze variaties
zijn uit te drukken in de orbitale of Milankovitch parameters, genoemd naar Milutin Milankovitch
(1879–1958), te weten excentriciteit, obliquiteit of tilt, en precessie [Milankovitch, 1941].
Excentriciteit is de ellipticiteit van de baan van de Aarde om de zon (Fig. 1.10a). Binnen deze
ellips wordt het moment waarop de Aarde het dichtst bij de zon staat “perihelion” genoemd en het
moment waarop de aarde het verst van de zon staat “aphelion”. Precessie is de variatie van de
seizoenen ten opzichte van de baan van de Aarde; als bijvoorbeeld perihelion in juni valt, tijdens
een precessie minimum, is de zomer op het noordelijk halfrond warmer dan gemiddeld (Fig.
1.10b). Obliquiteit of tilt is de stand van de aardas ten opzichte van de baan van de aarde (Fig.
1.10c). Voor een uitgebreidere discussie zie Ruddiman [2001] en de bijbehorende referenties.
Hoe deze zonnecycli precies de ijstijden aansturen is niet bekend. De invloed van de zon wordt op
talloze wijzen gemodereerd, onder andere door de reflectiviteit van de atmosfeer en het
aardoppervlak, en broeikasgassen, precipitatiepatronen en oceaanstromingen.
Een van de vragen waar nog geen algemeen geaccepteerd antwoord op is gevonden is hoe het
klimaatsysteem van een glaciale in een interglaciale staat overgaat. Eén aspect van het antwoord
zou zijn welk deel van de wereld deze verandering initieert. Mogelijke antwoorden zijn
bijvoorbeeld de polaire ijskappen, de tropische oceaan, of de Noord Atlantische Oceaan. Een
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ander aspect zou zijn hoe deze verandering zich voortplant over de aarde. Eén theorie die
geopperd is, is die van de “global seesaw” [Broecker, 1998]. Deze theorie kan versimpeld
uitgelegd worden als een idee over de verdeling van warmte; als het noordelijk halfrond afkoelt
moet de vrijgegeven warmte ergens naartoe, dus naar het zuidelijk halfrond. Dit zou gebeuren
met behulp van de THC; als diepwatervorming in de Noord Atlantische Oceaan afneemt kan de
Zuidelijke Oceaan deze rol overnemen, en grote hoeveelheden energie zouden naar de hoge
zuidelijke breedtes getransporteerd worden. Deze theorie gaat ervan uit dat de twee halfronden in
tegenfase evolueren. Een andere theorie gaat ervan uit dat de beide halfronden in fase fluctueren
[Bard et al., 1997].
1.4. Analytische methoden
Paleoklimatologen proberen in het verleden plaats gevonden hebbende processen te reconstrueren
die niet direct gemeten kunnen worden, waardoor ze zich moeten behelpen met indirecte
metingen. Deze worden in het algemeen “proxies” genoemd; meetbare eigenschappen die
gerelateerd zijn aan de eigenschap die men in beginsel wil reconstrueren. Er zijn meerdere
manieren waarop in zee levende organismen de eigenschappen van het omringende zeewater
vastleggen in hun organisch materiaal of skeletje, en daardoor talrijke proxies. Ik zal eerst in gaan
op de specifieke soorten plankton waarvan de overblijfselen de basis vormen van deze studie.
Vervolgens weid ik uit over de analytische methoden die ik heb toegepast op deze overblijfselen.
Deze betreffen metingen van stabiele zuurstofisotopen, die de stratigrafische basis voor deze
a
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Fig. 1.10 De orbitale parameters geassocieerd met Milankovitch aansturing. a: excentriciteit, b:
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17
Hoofdstuk 1: introductie/samenvatting
studie vormen, en informatie geven over de gecombineerde invloed van de grootte van de polaire
ijskappen, en temperatuur en saliniteit van het zeewater waarin de drager van de proxy in
gevormd is. Ook stip ik twee methoden voor temperatuursreconstructie aan. Vervolgens licht ik
toe hoe deze metingen op een “absolute” tijdsschaal geplaatst worden.
1.4.1 Planktonische foraminiferen en coccolithophoren
Plankton is de naam voor marien leven dat drijft in de waterkolom, waarmee het zich
onderscheidt van benthos, dat op de zeebodem leeft, en nekton, dat zich actief lateraal
voortbeweegt. De organismen waar het meeste onderzoek van deze studie op gebaseerd is zijn
planktonische foraminiferen. Deze behoren tot de meest voorkomende soorten plankton in de
Arabische Zee, naast bijv. dinoflagellaten, radiolaria, diatomeën, en coccolithophoren.
Planktonische foraminiferen behoren tot het dierlijk plankton, ofwel zoöplankton (in tegenstelling
tot plantaardig plankton: fytoplankton). Ze bouwen een exoskelet waarvan de isotopische en
chemische samenstelling de eigenschappen van het water waarin ze leven reflecteren. Na de dood
van de organismen zinken veel van deze skeletjes naar de zeebodem. Diepzeekernen uit de meeste
oceaanbekkens bevatten talloze miljoenen van deze resten van foraminiferen. Aangezien elke
planktonsoort zijn eigen voorkeuren heeft wat betreft diepte, groeiseizoen, en voedsel is het
mogelijk een veelzijdig beeld te krijgen van vroegere watercondities. Een onderzoeker die
bijvoorbeeld wil onderzoeken hoe het gesteld was met de gelaagdheid van het oceaanwater in de
een of andere periode, kan de eigenschappen meten van de in die tijd gevormde skeletjes van
zowel een ondiep als een diep levende soort. Als de signalen vergelijkbaar zijn was het
oceaanwater blijkbaar goed gemengd. Zijn de verschillen groot is dat een indicatie van goed
ontwikkelde stratificatie. Omdat de zomer en de winter elk hun eigen planktonpopulaties hebben
is het ook mogelijk om per seizoen een reconstructie van de watereigenschappen te maken.
De twee soorten planktonische foraminiferen die gebruikt worden in deze studie zijn
Globigerinoides ruber en Globigerina bulloides (Fig. 1.11); de eerste is een tropische soort die in
de Arabische Zee floreert in beide moessonseizoenen, en de tweede een koudwatersoort die
voorkomt in zeer voedselrijk water [Peeters and Brummer, 2002; Peeters et al., 2002]. Het is
ba
Fig. 1.11 (links)  Twee soorten planktonische foraminiferen. a: Globigerinoides ruber,
 b: Globigerina bulloides. Foto’s: Saskia Kars.
Fig. 1.12 (midden) Emiliania huxleyi, een coccolithophoor. Foto: Saskia Kars
Fig. 1.13 (rechts) Planktonbloei bij de kust van Cornwall (UK). Bron: Landsat beeld van 24 juli
1999, Steve Groom, Plymouth Marine Labortatories, met dank aan NERC Earth Observation Data
Acquisition and Analysis Service. Een kleurenversie van deze afbeelding is te vinden in appendix III.
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denkbaar dat wat geclassificeerd is als de soort G. bulloides eigenlijk meerdere soorten
representeert, maar dat dit nog niet officieel als zodanig (h)erkend is. Dit zou zijn voorkomen van
de polaire zeeën tot in de tropische oceaan verklaren. In de Arabische zee is waarschijnlijk sprake
van maar één soort, die vrijwel alleen voorkomt tijdens de zomermoesson, wanneer de condities
in de opgewelde wateren gunstig zijn voor deze soort.
Coccolithophoren (Fig. 1.12) zijn eencellige algen, behorend tot het fytoplankton, die een kalk-
kurasje maken, dat bestaat uit kleine calcietplaatjes (coccolieten), welke vaak rond of rondachtig
zijn. Samen vormen deze coccolieten een bolletje. De bekendste soort is Emiliania huxleyi. Deze
soort is ook meest voorkomende, en is dat al tienduizenden jaren geweest [Müller et al., 1997].
Er zijn fraaie satellietfoto’s waar de bloei van deze alg op te zien is (Fig. 1.13). Voordat E. huxleyi
de dominante soort werd, was deze positie ingenomen door Gephyrocapsa oceanica. In
paleoklimatologische studies worden zowel de coccolieten als het organisch materiaal, waarvan
sommige componenten nauwelijks vergaan, van coccolithophoren gebruikt.
1.4.2 Stabiele zuurstofisotopenmetingen
Zuurstof heeft meerdere stabiele isotopen, waarvan 16O met ~99.7% de meest voorkomende is.
Een ander stabiel zuurstofisotoop dat vaak gebruikt wordt in paleoklimatologische studies is 18O.
Deze beide isotopen hebben marginaal verschillende eigenschappen. Omdat 18O zwaarder is, kost
het net iets meer moeite om watermoleculen die 18O bevatten te verdampen dan watermoleculen
met alleen 16O. Omgekeerd regenen ze ook net iets sneller uit; dit verschijnsel wordt het “Rayleigh
effect” genoemd. Specifieke aspecten van dit verschijnsel zijn bijvoorbeeld het “amount effect”;
regenwolken verliezen het eerst hun 18O, waardoor bij aanhoudende regen het 18O gehalte van het
regenwater steeds lager wordt [Rozanski et al., 1993]. Ook is neerslag steeds armer in 18O
naarmate het verder valt van het brongebied, en dus meestal verder landinwaarts; het zogeheten
“continental effect” [Rozanski et al., 1993]. Dit leidt er ook toe dat de oceanen verrijkt raken in
18O, terwijl de continentale ijskappen juist verrijkt worden in 16O. Tijdens ijstijden, wanneer deze
ijskappen hun maximale grootte hebben, zijn de oceanen dan ook extra rijk aan 18O [Shackleton,
1987]. De 18O/16O (δ18O) verhouding in zeewater geeft daardoor informatie over de hoeveelheid
ijs die opgeslagen ligt op het land. Verder wordt de δ18O waarde van zeewater beïnvloed door de
evaporatie-precipitatie balans, rivierinstroom, en temperatuur. Warm water bevat meer van de
benodigde extra energie om 18O te verdampen, en is dientengevolge meer verarmd in 18O dan
koud water. Aangezien het niet mogelijk is om fossiel oceaanwater te meten, meet men in de
plaats daarvan plankton- (en benthos-) skeletjes. Veel daarvan calcificeren in isotopisch evenwicht
met het omringende oceaanwater, wat het mogelijk maakt om de paleo-δ18O-waarde van de
oceaan (δ18Ow)  te reconstrueren. δ18O is een gecombineerde proxy voor totaal ijsvolume, en
lokale temperatuur en saliniteit, en daardoor moeilijk toe te passen. Tegenwoordig zijn er echter
goede reconstructies van de gemiddelde δ18Ow waarde van zeewater door de tijd beschikbaar. Als
men deze van een ruwe δ18O reeks aftrekt wordt daarmee de invloed van de ijskappen
geëlimineerd, en geeft het resultaat nog slechts informatie over lokale temperatuur en saliniteit.
Als men dan ook beschikt over een onafhankelijke temperatuursproxy (zie onder) kan men daar
ook voor corrigeren, waarmee men alleen saliniteit nog overhoudt. Als er gegronde redenen zijn
om aan te nemen dat zich geen significante saliniteitsveranderingen hebben voorgedaan kan ruwe
δ18O data gecombineerd met δ18Ow gebruikt worden als temperatuursproxy, of andersom.
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1.4.3 Mg/Ca paleothermometrie
Het kalkskeletje van foraminiferen bestaat niet uit puur CaCO3; een deel van de Ca
2+ atomen is
vervangen door andere bivalente kationen, zoals Mg2+. Omdat het incorporeren van atomen van
afwijkende grootte extra energie kost, gebeurt dit vaker naarmate de temperatuur hoger is. De
verhouding van Mg en Ca in een kalkschaaltje geeft daardoor informatie over de temperatuur
waarbij het gevormd is. De chemische compositie van de schaaltjes van recent op de zeebodem
neergeregende foraminiferen is gekalibreerd tegen instrumentele data van de temperatuur van het
bovenliggende water [bijv. Rosenthal et al., 1997; Dekens et al., 2002]. Deze kalibraties zijn
geverifieerd met behulp van experimenten waarbij onder gecontroleerde omstandigheden calciet
ofwel anorganisch neersloeg, of door foraminiferen uitgescheiden werd [bijv. Nürnberg et al.,
1996]. Deze proeven hebben geleid tot vergelijkingen waarmee de Mg/Ca verhoudingen van
foraminiferenschaaltjes omgerekend kunnen worden in de temperatuur van het omringende water
ten tijde van calcificatie [Anand et al., 2003; Elderfield and Ganssen, 2000].
1.4.4 Alkenonen paleothermometrie
Alkenonen zijn verschillende organische moleculen met ketens van 37 of 38 koolstofatomen, die
gevormd worden door coccolithophoren. De koolstofketens hebben een variërend aantal dubbele
bindingen, wat invloed heeft op de fysische eigenschappen van het molecuul. De algen kunnen
door middel van het variëren van dit aantal dubbele bindingen zich aanpassen aan veranderende
omstandigheden, zoals zeewatertemperatuur. Andersom betekent dat dat met behulp van
metingen aan het aantal dubbele bindingen in gepreserveerde alkenonen de zeewatertemperatuur
ten tijde van het leven van de alg gereconstrueerd kan worden [Prahl and Wakeham, 1987]. Het
aantal dubbele bindingen (2, 3 of 4) in de C37 ketens, ook genoemd de alkenonen
onderverzadiging, wordt gebruikt als temperatuursproxy; hogere temperaturen corresponderen
met minder dubbele bindingen. De meestgebruikte onderverzadigingsindex is de Uk’37 index, die de
ketens met 4 dubbele bindingen niet meetelt. Deze wordt als volgt berekend: Uk’37 = C37:2/( C37:2 +
C37:3). Deze index kan vervolgens met behulp van verschillende vergelijkingen omgerekend
worden in temperatuur [bijv. Prahl and Wakeham, 1987; Sikes and Volkman, 1993; Sonzogni et
al., 1997].
1.4.5 Dateren
Klimaatreconstructies hebben alleen betekenis als ze op een tijdsschaal geplaatst kunnen worden.
Ouderdomsmodellen voor klimaatsreconstructies op glaciaal-interglaciale schaal worden meestal
gemaakt met behulp van een van de twee hieronder beschreven methoden. Diepzeesedimenten
van ten hoogste 40.000 jaar oud kunnen gedateerd worden met 14C- of koolstofdatering. Oudere
sedimenten, die geen vulkanische aslagen of andere dateerbare elementen bevatten, kunnen niet
gedateerd worden in de letterlijke zin van het woord. Klimaatreeksen gedestilleerd uit zulke
sedimenten worden meestal geijkt aan standaard δ18O reeksen. Het effect van het aangroeien en
afsmelten van de ijskappen op de δ18O waarde van zeewater is al uitgelegd. Omdat de hoeveelheid
continentaal ijs gerelateerd is aan de hoeveelheid (en distributie van) inkomende zonne-energie, en
deze veranderingen door de tijd precies bekend zijn [Berger, 1978; Milankovitch, 1941], kon een
standaard δ18O curve, geijkt aan de Milankovitch cycli, gecreëerd worden (Fig. 1.14).
Standaardcurves zoals die van Martinson [1987] kunnen geverifieerd worden door middel van
bijvoorbeeld U/Th datering van koralen die zeespiegelmaxima aangeven. De precieze relatie, voor
zover überhaupt bekend, tussen zonne-instraling en oceanisch δ18O gaat deze introductie te
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boven. De vermelding volstaat dat dit type ouderdomsmodel, hoewel niet onomstreden, veel
gebruikt wordt in de wetenschappelijke wereld, zo ook in dit proefschrift.
In paleo-oceanografisch onderzoek worden ouderdommen vaak gegeven in duizenden jaren voor
het heden (ka BP, gebaseerd op “kilo-annus before present”), waarbij het heden gesteld is op 1
januari 1950. De glaciale en interglaciale tijdvakken worden aangeduid als “Marine Isotope
Stages” (MIS) of “Oxygen Isotope Stages” (OIS), en zijn genummerd. In het algemeen hebben
interglacialen (tussenijstijden) oneven getallen, zoals MIS 1, vanouds bekend als het Holoceen.
IJstijden of glacialen hebben meestal een even getal. Deze gewoonte is verlaten bij het vernoemen
van de laatste glaciaal-interglaciale cyclus: de laatste ijstijd begint in MIS 5, en bevat MIS 4, 3 en
2. Zoals al blijkt uit het feit dat het Holoceen samenvalt met MIS 1 loopt de nummering op met
toenemende ouderdom. Veel perioden zijn ook fijner onderverdeeld: het voorlaatste interglaciaal
bestaat uit MIS 5e t/m 5a. Speciale horizonten binnen, of op het grensvlak tussen, de tijdvakken
hebben een cijfer; het interglaciale maximum van MIS 5 is 5.5 genoemd (soms nog onderverdeeld
in 5.51 t/m 5.53). De overgang tussen een ijstijd naar een tussenijstijd noemt men een deglaciatie
of een Terminatie. Sommigen gebruiken de term “Terminatie” om de hele periode van het
afsmelten van de ijskappen aan te duiden [bijv. Gallup et al., 2002], terwijl anderen er het punt
halverwege de overgang mee aanduiden [bijv. Broecker and Henderson, 1998]. De Terminaties
zijn ook genummerd; de overgang van de laatste ijstijd naar de huidige tussenijstijd is Terminatie I
(Fig. 1.14) en de overgang van MIS 6 naar MIS 5 is Terminatie II. Net als bij de ijstijden loopt de
nummering op met oplopende ouderdom. Dit is tegen de traditie van geologen, die de neiging
hebben hun observaties van oud naar jong, van beneden naar boven en van rechts naar links te
rangschikken, maar wel de meest praktische methode omdat degenen die dit systeem opstelden
niet konden weten hoeveel cycli er in totaal zouden zijn.
1.5. De ijstijdencyclus
De laatste ~900.000 jaar kende de Aarde een min of meer regelmatige afwisseling van ijstijden en
tussenijstijden [e.g Ruddiman, 2001], waarvan de laatste paar in figuur 1.14 te zien zijn. De
ijstijden worden gekenmerkt door o.a. grote continentale ijskappen, lage temperaturen, en lage
atmosferische CO2 concentraties. Door de toegenomen sneeuwbedekking, waarschijnlijk ook op
Tibet [Benn and Owen, 1998; Kuhle, 1998], had de Aarde een hogere reflectiecoëfficient (of
albedo), waardoor het oppervlak nog verder afkoelde. Al deze factoren resulteerden in een geheel
andere atmosferische circulatie dan nu; de polaire cellen waren bijvoorbeeld groter dan nu, wat
ten koste ging van de Hadley cellen. Zulke randvoorwaarden hebben ook invloed op het Indiase
moessonsysteem. De lage continentale temperaturen, veroorzaakt door minder zonne-instraling,
wat wordt versterkt door het toegenomen albedo en het afgenomen broeikaseffect, verlagen het
drukverschil tussen continent en oceaan en verzwakken daarmee de moessonwinden. Hierbij komt
nog de afgenomen temperatuur van de zuidelijke Indische Oceaan, die de opname van waterdamp
door de zuidwestelijke moessonwinden bemoeilijkt. De wintermoesson daarentegen is juist
sterker vanwege de sterkere afkoeling van de  continenten ten opzichte van de oceanen.
1.5.1 Fluctuaties op de schaal van duizenden jaren
Bovenop de ijstijdencyclus, met ijstijden die zich grofweg elke 100.000 jaar voordoen, komen nog
klimaatsvariaties voor met een golflengte van duizenden jaren. Sinds de late 19e eeuw was al
bekend dat de laatste deglaciatie geen geleidelijke overgang was [bijv. Sernander, 1894].
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Terminatie I kan opgedeeld worden in de Bølling-Allerød warme periode, gevolgd door de Jonge
Dryas; een terugval in temperatuur van ~1200 jaar, waarna het Holoceen begon (Fig. 1.15). De
Groenlandse ijskernen die in de jaren ’70 geboord werden [Dansgaard et al., 1984] boden een
gedetailleerder inzicht in dergelijke fluctuaties. Niet alleen de Jonge Dryas was te zien in de
tijdsreeksen; de hele laatste ijstijd bleek onderbroken door ettelijke warme, korte perioden die
bijna net zo warm waren als een interglaciaal. Nadat deze fluctuaties in meer Groenlandse
ijskernen waren waargenomen kregen ze een naam toebedacht: Dansgaard-Oeschger (D-O) cycli
(Fig. 1.15). De warme perioden van deze cyclus zijn interstadialen terwijl de koude intervallen
stadialen genoemd werden. Toen er ook Noord Atlantische diepzeekernen beschikbaar kwamen
werd ook daarin bewijs gevonden van klimaatfluctuaties op de schaal van duizenden jaren. Lagen
van zand en grind op de zeebodem, daar gedeponeerd door afsmeltende ijsbergen, getuigden van
perioden van excessieve ijsbergvorming Heinrich, 1988]. Deze ijsberg Armada’s werden Heinrich
events genoemd, en genummerd, waarbij de meest recente Heinrich event 1 heet. Het bleek dat
deze zich voordoen aan het eind van een “normale”glaciale periode, net voor de abrupte
opwarming die typisch is voor het begin van een D-O interstadiaal. Niet alle interstadialen
beginnen overigens met een Heinrich event (Fig. 1.15).
De Vostok ijskern [Petit et al., 1999], geboord op Antarctica, toonde aan dat de hoge zuidelijke
breedten een andere klimaatsontwikkeling kenden; de laatste deglaciatie was te zien als een
geleidelijke overgang die ~20.000 jaar geleden begon. De transitie werd slechts onderbroken door
een bescheiden terugval rond 14.000 jaar geleden; de “Antarctic cold reversal” (ACR) (Fig. 1.15).
De ijskern vertoonde ook D-O cylcus-achtige variabiliteit, maar dan minder abrupt dan in de
Groenlandse ijskernen.
Geïnspireerd door de vondst van deze fluctuaties op hoge breedtes begonnen wetenschappers te
zoeken naar de effecten ervan op de gematigde en tropische gebieden. Klimaatfluctuaties die
Fig. 1.14 De SPECMAP standaardcurve, waar veel ouderdomsmodellen van δ18O tijdreeksen op
gebaseerd zijn, met in grijs de som van de genormaliseerde excentriciteits-, obliquiteits- en
precessieindex (ETP). “Marine Isotope Stages” en Terminaties zijn aangegeven. Naar: Martinson
[1987]
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beschouwd worden als equivalent aan D-O cycli of Heinrich events zijn gevonden op de meest
uiteenlopende plaatsen; in Oost-Pacifische sedimenten, [Thunell and Mortyn, 1995], Chinese Löss
[Porter and Zhisheng, 1995], Chileense gletschers [Lowell et al., 1995], en Arabische Zee
sedimenten [Schulz et al., 1998]. De signatuur van deze fluctuaties verschilt van plaats tot plaats;
zo zijn ze bijvoorbeeld uitgedrukt in variaties in temperatuur, neerslag, biologische productiviteit
en accumulatiesnelheid van het sediment. De precieze samenhang van al deze verschijnselen
wordt (nog) niet overzien, maar men gaat er vanuit dat zowel de oceanische als atmosferische
circulatie eraan bijdragen [Bijv. Curry and Oppo, 1997].
1.6. Eerder werk
De mens onderkent al duizenden jaren het verschijnsel moesson [Warren, 1987], en zijn
afhankelijkheid ervan voor landbouw en zeevaart. Toegenomen zeevaart in verband met handel
met India en het verre Oosten in de 17e en 18e eeuw wakkerde de belangstelling van westerse
wetenschappers voor de het Aziatische moessonsysteem aan. In 1696 publiceerde Halley een
beschrijving van, en verklaring voor, de moesson, waarin hij al melding maakte van het belang van
ongelijke opwarming van land en zee, een factor die nog steeds gezien wordt als cruciaal. Vroege
pogingen om de sterkte van de moesson te reconstrueren maakten bijvoorbeeld gebruik van
Fig. 1.15 De δ18O tijdreeks van een  Groenlandse ijskern (North GRIP) over de laatse ijstijdencyclus.
Ter vergelijking is ook de δD tijdreeks van de Antarctische ijskern VOSTOK gegeven. YD: Jonge
Dryas (Younger Dryas). B/A: Bølling-Allerød. H1-4: Heinrich events 1 t/m 4. D-O: Dansgaard-
Oeschger cycli. ACR: Antarctic Cold Reversal. Data uit: Petit et al. [1999], en North GRIP project
members [2004].
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gegevens over het waterpeil in de Nijl, en het besef dat dit iets met de Indiase moesson te maken
heeft [Walker, 1910]. Systematisch onderzoek naar de moesson gaat slechts enige tientallen jaren
terug. Men kan de atlas van Wyrtki [1971] zien als de eerste stap. Pioniers van het onderzoek naar
de Arabische Zee en de Indiase moesson zijn o.a. Warren Prell en Claude Duplessy, wier artikelen
grondslagen legden voor latere onderzoekers. Warren Prell deed pionierswerk op het gebied van
het detecteren van het opwellingsignaal in diepzee sedimenten [Prell and Curry, 1981], en het
bestuderen van de aandrijving van de moesson [Prell, 1984]. Claude Duplessy richtte zich op
planktonische foraminiferen als dragers van proxy informatie [Duplessy et al., 1981], en op
glaciaal-interglaciale verschillen in moesson intensiteit [Duplessy, 1982]. In begin jaren ’90 had
een flinke toename in moessononderzoek plaats. Werk door bijv. David Anderson, Steven
Clemens en Dick Kroon ging in op de fysische processen betrokken bij opwelling [Anderson et
al., 1992], de aandrijving van de moesson [Clemens et al., 1991] en de lange termijn evolutie van
de moesson [Kroon et al., 1991]. In de jaren ’92 en ’93 doorkruisde de R.V. Tyro de Arabische
Zee, tijdens welke cruise de kern gestoken werd waar dit werk op gebaseerd is [van Hinte et al.,
1995]. Resultaten van deze cruise kunnen gevonden worden in Conan, [2006], Ivanova [1999],
en Peeters [2000]. Recentelijk is ook veel Arabische Zee onderzoek gedaan, bijv. naar de
ontwikkeling van de zeewatertemperatuur [Cayre and Bard, 1999; Emeis et al., 1995; Rostek et
al., 1997], productiviteit [Reichart et al., 1997; Altabet et al., 1995; Schulte et al., 1999],
sediment flux [Conan and Brummer, 2000], teleconnecties [Jung et al., 2004;  Schulz et al.,
1998; Sirocko et al., 1996] en aandrijving van de moesson [Clemens and Prell, 2003; Leuschner
and Sirocko, 2003; Ruddiman, 2006]. Aangezien het begrip van het systeem groeit en de
technische mogelijkheden blijven toenemen schrijdt ook het moessononderzoek voort qua diepte,
breedte en resolutie.
1.7. Deze studie
Er zijn wat betreft de Arabische Zee nog steeds vragen onbeantwoord en discussies lopende. Op
grond van nieuwe gegegevens, en de daarbij horende discussie, bouwt dit proefschrift voort op
deze discussie, en beantwoordt enkele van de voorheen nog onbeantwoorde vragen. Mijn
bedoeling is dat dit bijdraagt aan de algemene kennis over het moessonsysteem, en de rol die dit
speelt in het mondiale klimaat. Uiteindelijk kan dit helpen om het gedrag van het moessonsysteem
in de toekomst te voorspellen.
Over de evolutie van het klimaat in de Arabische Zee tijdens MIS 5 was tot voor kort nog weinig
bekend vanwege schaarste aan hoge resolutie gegevens. Dit proefschrift tracht deze lacune op te
vullen. MIS 5 is een geschikt analogon voor de nabije toekomst omdat het de meest recente (en
daardoor best gedocumenteerde) periode is waarin temperaturen hoger waren dan in het
Holoceen. Het kan noodzakelijk blijken om de moesson in dit tijdsinterval te begrijpen, teneinde
de moesson van nu, waar honderden miljoenen mensen van afhankelijk zijn, te kunnen
doorgronden. Bij het bestuderen van de moesson in MIS 5 is het essentieel om deze kennis te
ijken aan de moesson van het huidige interglaciaal, het Holoceen ofwel MIS 1. De specifieke
onderzoeksvragen die aan de orde komen in dit proefschrift zijn:
Kunnen we de invloed van de noordoostmoesson, de zuidwestmoesson, en de regionale
hydrografie van elkaar scheiden in klimaatgegevens van de Arabische Zee?
Wat is op de schaal van duizenden jaren het verband tussen temperatuur en productiviteit
in de Arabische Zee?
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Geldt de relatie tussen Arabische Zee productiviteit en Noord Atlantische temperatuur
tijdens Heinrich events, zoals die gevonden is in de noordoosthoek van het bekken, ook
voor de westkant?
Gaan de perioden van kou in de Noord Atlantische Oceaan gepaard met lage
wintertemperaturen in de Arabische Zee, vanwege koudere en sterkere
wintermoessonwinden, zoals Schulte and Müller [2001] and Schulz et al. [1998]
suggereerden?
Welk aspect van de watertemperatuur leggen Mg/Ca en alkenonenpaleothermometrie in
de Arabische Zee precies vast?
Was het temperatuursverloop in MIS 5 vergelijkbaar met dat in MIS 1?
Wat gebeurt er met de Indiase moesson als een tussenijstijd op zijn einde loopt?
Kunnen we iets zeggen over welk mechanisme precies de Indiase moesson aandrijft?
Reageert de moesson tijdens MIS 2 en 1 op dezelfde manier op de aandrijving als tijdens
MIS 6 en 5?
Om te beginnen werd een sectie van de boorkern die de periode ~150.000 tot 90.000 jaar geleden
(laat MIS 6 t/m MIS 5c) bemonsterd, teneinde het verloop van de moesson te reconstrueren over
deze periode die een hele ijstijdencyclus bevat. Dit bood de mogelijkheid de grondige
reorganisatie van dit klimaatsysteem te observeren tijdens de overgang van een glaciale, door de
wintermoesson gedomineerde, naar een interglaciale, door de zomermoesson gedomineerde
configuratie. Gekeken is naar de relatieve fasering van de moessons ten opzichte van mogelijke
aandrijvingsmechanismen, in een poging vast te stellen welk mechanisme overheerst.
Vervolgens is dat deel van de boorkern dat het interval bestrijkt van 20.000 jaar geleden tot de
top van de kern bemonsterd en gemeten. Deze recentere gegevens vormen het ijkpunt waar de
meetreeksen van het oudere interval mee vergeleken werden.
Aangezien de gegevens proxies bevatten voor zowel continentaal ijsvolume (en indirect dus ook
zeespiegel) kunnen de veranderingen in het klimaat van de Arabische Zee, gerelateerd aan de
overgang van een ijstijd naar een tussenijstijd, in de tijd geplaatst worden ten opzichte van het
smelten van de polaire ijskappen. De tijdsresolutie van 50 (MIS 1) en 180 (MIS 5) jaar is hoog
genoeg voor een evaluatie van de respons van de Arabische Zee op Noord Atlantische
ijsbergarmada’s. Een vergelijking van Arabische Zee tijdreeksen met andere tropische
sedimentkernen en polaire ijskernen draagt bij aan het begrip van de fasering van de beide
halfronden tijdens deglaciaties. Specifieker wordt een evaluatie gepresenteerd van niet alleen hoe
de Arabische Zee reageert op glaciaal-interglaciale veranderingen, maar ook hoe deze eraan
bijdraagt. De vergelijking tussen de twee Terminaties (I en II) laat zien in hoeverre de
waargenomen relaties van toepassing zijn op Terminaties in het algemeen, of juist specifiek zijn
voor het tijdsinterval waarin ze zijn waargenomen.
Om dit mogelijk te maken werden reeksen van proxy data geconstrueerd uit Arabische Zee
sedimentkern NIOP929. De locatie van deze kern is zodanig gekozen dat deze valt binnen de
invloedssfeer van zowel de noordoost- als zuidwestmoesson. Hierdoor kunnen beide moessons
gereconstrueerd worden met materiaal uit deze kern. De resultaten staan beschreven in de
hoofdstukken 2 t/m 6, die hieronder geïntroduceerd en samengevat worden.
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1.7.1 Hoofdstuk 2: West Arabische Zee oppervlaktewatertemperaturen tijdens de laatste
deglaciatie
In dit hoofdstuk worden de δ18O reeks van G. ruber en de op Mg/Ca verhoudingen gebaseerde
oppervlaktewatertemperatuursreeks over de laatste 20.000 jaar gepresenteerd; de periode
waarbinnen de overgang van de laatste ijstijd naar het huidige interglaciaal valt. Het
ouderdomsmodel is gebaseerd op 14C datering.
Het begin van de met de deglaciatie geassocieerde opwarming kan geplaatst worden op 19 of 17
ka BP, wanneer de Noord Atlantische Oceaan nog zeer koud was. Maximumtemperaturen doen
zich voor tijdens het tijdsequivalent van de Jonge Dryas. Het temperatuursverschil tussen het
glaciaal en het interglaciaal is ~2ºC. Een vergelijking met andere Arabische Zee kernen laat zien
dat dit temperatuursverschil, en de vroege opwarming, regionale verschijnselen zijn. De hoge
temperatuur tijdens de Jonge Dryas wordt waargenomen in meerdere, maar niet alle, kernen. De
concentratie organisch koolstof, een indicatie voor biologische productiviteit, van kern NIOP929
is vergelijkbaar met die van andere Arabische Zee kernen, wat aangeeft dat dit een regionaal
signaal is. Perioden met lage koolstofconcentraties, waarvan eerder al aangetoond was dat ze
samengaan met perioden van kou in de Noord Atlantische Oceaan, gaan in de Arabische Zee
gepaard met hoge zeewatertemperaturen. In de periode 19-16 ka BP doen zich twee warme
perioden voor die niet voorspeld werden door bestaande literatuur. Nauwkeurige bestudering van
deze perioden toont aan dat ze hoogstwaarschijnlijk niet veroorzaakt worden door variaties in de
moesson, maar wellicht gerelateerd kunnen worden aan fluctuaties in de aanvoer van warm water
vanuit de Pacifische Oceaan.
1.7.2 Hoofdstuk 3: Oppervlaktewatertemperaturen tijdens de zuidwest- en
noordoostmoesson in de westelijke Arabische Zee over de laatste 20.000 jaar
In dit hoofdstuk worden de in hoofdstuk 2 gepresenteerde gegevens uitgebreid met δ18O metingen
van G. bulloides, een koudwatersoort die in de Arabische Zee bijna uitsluitend voorkomt tijdens
de zuidwestmoesson. Als men deze reeks aftrekt van de δ18O reeks van G. ruber wordt daarmee
de invloed van δ18O veranderingen die constant zijn over het jaar, zoals de invloed van de
ijskappen, geëlimineerd. Wat overblijft (∆δ18Orub-bul) is lineair gerelateerd aan het verschil in
calcificatietemperatuur van beide soorten (∆Tcrub-bul), en kan daar eenvoudig in omgerekend
worden. Omdat het verschil in watertemperatuur van beide seizoenen afhangt van de
respectievelijke moessons is ∆Tcrub-bul een indirecte maat voor de sterkte van beide moessons. De
resultaten laten zien dat de δ18O waarden van G. ruber in de periode van de laatste ijstijd tot en
met de Jonge Dryas hoger waren dan die van G. bulloides, wat typerend is voor een situatie
waarin de zeewatertemperatuur in de winter kouder is dan in de zomer. Dit op zijn beurt is
typerend voor een situatie met zwakke zuidwestmoesson en sterke noordoostmoesson. Het
eerste, instabiele begin van de zomermoesson valt samen met het begin van de Jonge Dryas, en de
uiteindelijke doorbraak naar moderne sterkte heeft plaats rond 8000 jaar geleden.
Met de δ18O reeksen van G. ruber en G. bulloides en een onafhankelijke temperatuursproxy als
variabelen kunnen vergelijkingen opgesteld worden die de calcificatietemperatuur van G.
bulloides, en de zeewatertemperatuur in beide moessonseizoenen als uitkomst hebben. De lage
calcificatietemperaturen van beide soorten in de late ijstijd, en die van G. bulloides vanaf 8000 jaar
geleden, blijken robuust na een evaluatie van de onzekerheid in de uitkomsten. De onzekerheid in
de berekende seizoenstemperaturen kan niet gekwantificeerd worden wegens gebrek aan
gegevens over de seizoensgebonden verdeling van beide soorten over het betreffende tijdsinterval.
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De zeewatertemperatuur in de zomer was redelijk constant over de hele periode van de late ijstijd
tot aan het tot volle sterkte komen van de zomermoesson rond 8000 jaar geleden. Door de met
deze sterke zomermoesson samengaande sterke opwelling daalt de watertemperatuur tijdens de
zomer dan abrupt. De watertemperatuur in de winter is variabeler gedurende de late ijstijd en de
deglaciatie. De wintertemperatuur steeg sterk 13.000 en 8.000 jaar geleden. Beter inzicht in de
ecologie van de gebruikte soorten, en toegevoegde metingen van de Mg/Ca verhouding in
skeletjes van G. bulloides zouden deze methode aanzienlijk verbeteren.
1.7.3 Hoofdstuk 4: Zeewatertemperaturen in de westelijke Arabische Zee in het voorlaatste
en laatste interglaciaal:  een vergelijking van UK’37 en Mg/Ca paleothermometrie
In dit hoofdstuk worden de tijdreeksen van δ18O van G. ruber, en de op Mg/Ca verhoudingen in G.
ruber, en alkenonen onderverzadiging gebaseerde temperatuursreconstructies over de periode
152-94 ka BP geïntroduceerd. Dit tijdsinterval bevat het einde van het glaciale MIS 6, de
deglaciatie, het interglaciale MIS 5e, en de glaciale MIS 5d en 5c. Wat opvalt is dat beide
temperatuursreconstructies 3.5ºC uit elkaar lopen, een verschil dat ongeveer even groot is als het
hele verschil tussen de ijstijd (MIS 6) en tussenijstijd (MIS 5e) in de Arabische Zee. Ook is er een
verschil van 6000 jaar tussen het begin van de deglaciale opwarming in beide reeksen.
Een vergelijking met hoofdstuk 2 doet blijken dat de op Mg/Ca verhoudingen gebaseerde
temperatuursreconstructie in de voorlaatste deglaciatie overeenkomt met die in de laatste. De Mg/
Ca temperaturen in MIS 5e zijn ~1.5ºC hoger dan moderne calcificatietemperaturen van G. ruber.
De Uk’37 temperaturen daarentegen bestrijken het gebied tussen moderne jaarlijks gemiddelde
temperaturen (in de late ijstijd), tot hoger dan de moderne maximumtemperaturen die zich
voordoen in het seizoen tussen de moessons in (tijdens het interglaciaal). In dit hoofdstuk worden
mogelijke verklaringen voor dit verschil behandeld. Begonnen wordt met mogelijke oorzaken in
de Mg/Ca methode; ten eerste oplossing van de kalkschaaltjes van G. ruber, iets wat de Mg/Ca
methode beïnvloedt. Ten tweede een verandering in dieptehabitat van G. ruber. De conclusie is dat
deze factoren een deel van het verschil kunnen verklaren. Vervolgens worden mogelijke oorzaken
in de Uk’37 methode bediscussieerd; ten eerste lateraal transport van het fijne materiaal dat de
alkenonen bevat; ten tweede differentiële omwoeling door organismen; ten derde een verandering
in seizonale habitat van de algen die de alkenonen produceren; ten vierde een verandering in
dieptehabitat van deze algen; ten vijfde de verandering in dominante alkenonen producerende
algensoort die ongeveer 80.000 jaar geleden plaats had van E. huxleyi naar G. oceanica, en die
wellicht een andere seizonale of dieptehabitat had; en ten zesde een verandering in de relatie
tussen alkenonen onderverzadiging en temperatuur. De tweede mogelijkheid wordt verworpen, en
de mogelijke grootte van het effect van de vierde en vijfde mogelijkheid wordt geëvalueerd. Deze
blijken beide beperkt. De andere scenario’s dragen wellicht ook bij aan het waargenomen verschil;
helaas is er te weinig informatie voorhanden om de grootte van deze effecten te kwantificeren. De
conclusie is dat het raadzaam is de mogelijkheid te overwegen dat in tijdreeksen uit MIS 5 of
ouder de op Uk’37 gebaseerde temperatuursreconstructies niet een jaarlijks gemiddelde
temperatuur vertegenwoordigen, zoals vaak aangenomen wordt [e.g. Herbert, 2001; Sachs et al.,
2000; Sonzogni et al., 1997].
Het verschil van 6000 jaar in de fasering van de temperatuurstijging in de op Uk’37 en Mg/Ca
gebaseerde temperatuursreconstructies is robuust, en zou te maken kunnen hebben met een
verschil in seizonale voorkeur van enerzijds de foraminiferen en anderzijds de coccolithophoren,
omdat de deglaciale opwarming een verschillend effect gehad kan hebben op de verschillende
seizoenen.
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1.7.4 Hoofdstuk 5: Aansturing door de moesson van zeewatertemperaturen gedurende
Terminaties I en II in de westelijke Arabische Zee
Dit hoofdstuk heeft een dubbele functie; ten eerste worden de methoden die geïntroduceerd zijn in
hoofdstuk 3 toegepast op het tijdsinterval 152-94 ka BP. Gepresenteerd worden de δ18O reeks van
G. bulloides, en de bijbehorende ∆δ18Orub-bul reeks van de periode 152-94 ka BP, en de berekening
van de calcificatietemperatuur van G. bulloides en de seizoensgebonden zeewatertemperaturen.
De ∆δ18Orub-bul reeks geeft aan dat de zuidwestmoesson al een interglaciale sterkte bereikte aan het
begin van de deglaciatie, en zijn sterkte behield tot 8000 jaar na het begin van de volgende ijstijd,
waarmee de totale duur op 27.000 jaar komt te staan. Het seizonale temperatuursverschil was het
grootst in MIS 5d, waar het groter is dan tijdens het Holoceen. De lengte van de tijdreeks, te
weten ~60.000 jaar ofwel drie precessiecycli, maakt het mogelijk uitspraken te doen over de
aansturing van de moessons. Een foutenanalyse laat zien dat de grove trends in de
calcificatietemperatuursreeksen robuust zijn. Wanneer de seizoensgebonden temperatuursreeksen
voor waar gehouden worden, blijkt daaruit dat de zomertemperatuur varieert met een frequentie
als die van precessie, en het best overeenkomt met aansturing door het verschil in zonne-instraling
in zomer en winter op de Evenaar. De wintertemperatuur vertoont een ontwikkeling die
gelijkloopt met die van waterstofisotopen en kooldioxideconcentraties als gemeten aan de Vostok
ijskern. Waterstofisotopen (δD) zijn een proxy voor temperatuur, en koolstofdioxide is een
katalysator voor temperatuursveranderingen. De op bariumconcentraties gebaseerde biologische
productiviteitsreeksen zijn consistent met dergelijke reeksen uit de rest van de Arabische Zee,
maar niet consistent met de temperatuursreeksen, wat aangeeft dat de biologische productiviteit
over het hele bekken ongeveer gelijk op ging, maar niet gekoppeld is aan de
zeewatertemperatuur.
In het tweede deel van het hoofdstuk wordt dieper ingegaan op de vergelijking tussen de
tijdsintervallen 140-120 ka BP en 20-0 ka BP, of anders gezegd, tussen de laatste twee
Terminaties. Beide Terminaties vertonen een vergelijkbare ontwikkeling in δ18O van G. ruber, δ18O
van het zeewater, en zomertemperatuur. Grote verschillen, en dan meer in fasering dan in absolute
waarde, doen zich voor tussen δ18O van G. bulloides, het verschil in calcificatietemperatuur van
beide soorten, en de wintertemperatuur. De ontwikkeling van een sterke zuidwestmoesson had
plaats ná de deglaciatie bij Terminatie I, en aan het begin daarvan bij Terminatie II. Dit kan
moeilijk verklaard worden met behulp van de zon of van broeikasgassen, en zou eventueel
veroorzaakt kunnen zijn door een verschil in sneeuwbedekking van Tibet.
1.7.5 Hoofdstuk 6: Klimaatreconstructies van de westelijke Arabische Zee en van hoge
breedte over Terminatie I en II vergeleken: implicaties voor de aansturing van het
deglaciale klimaat
In dit hoofdstuk worden de resultaten van de eerdere hoofdstukken in een groter verband
geplaatst. De gegevens van de Arabische Zee worden vergeleken met die van hoge breedten.
Eerdere onderzoeken hebben gesuggereerd dat biologische productiviteit in de Arabische zee
positief correleert met Noord Atlantische zeewatertemperaturen. In hoofdstuk 2 blijkt dat de
Arabische Zee productiviteit en Noord Atlantische zeewatertemperatuur weliswaar op
Milankovitch tijdschalen een vergelijkbare ontwikkeling vertonen, maar op kortere tijdschalen
toch aanzienlijk verschillen. Perioden van intense kou in de Noord Atlantische Oceaan vallen
samen met perioden van lage biologische productiviteit en hoge zeewatertemperatuur in de
Arabische Zee. In dit hoofdstuk wordt aangetoond dat deze relatie ook geldt in de periode 152-94
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ka BP. Verrassend is dat de betreffende hoge gemiddelde zeewatertemperaturen voornamelijk
veroorzaakt worden door hoge wintertemperaturen.
Uit de gepresenteerde gegevens blijkt ook dat de Arabische zee voorloopt op de hoge
breedtegraden in deglaciaties. Dit patroon is over de gehele tropen gevonden, en kan een indicatie
zijn van de invloed van de tropische zeewatertemperatuur op het CO2- en waterdampgehalte van
de atmosfeer. Deze factoren hebben een grote invloed op het mondiale klimaat, en zouden een rol
kunnen spelen in de initiatie van deglaciaties. Daarbij is het mogelijk dat tijdens ijstijden, wanneer
oceaancirculatie zwak is, zich warm water ophoopt op lage breedtegraden, en dan door de
handelswinden westwaarts geblazen wordt. Modelexperimenten bevestigen deze hypothese. Het
is aangetoond dat transport van de Indische naar de Atlantische oceaan het sterkst is gedurende
deglaciaties. Als dit watertransport de opgehoopte warmte zou afvoeren naar de Atlantische
Oceaan zou dat bij kunnen dragen aan het afsmelten van de ijskappen van het noordelijk halfrond.
1.7.6 Hoofdstuk 7: Epiloog
In dit hoofdstuk evalueer ik de voornaamste resultaten van de voorgaande hoofdstukken, en de
vervolgstappen die genomen kunnen worden om het betreffende onderzoek voort te zetten. Ook
ga ik in op wat de implicaties van het gedane onderzoek zijn voor de toekomst.
} {
Chapter 1
Introduction / Summary
M.H. Saher
1.1. Introduction
This thesis is mainly the result of one researcher spending several years of her life on studying  a
column of deep sea ooze in a PVC liner of roughly 10 cm by 16 m, retrieved from the western
Arabian Sea. Why someone would design her life in such a way is elaborated on in the following
pages. Perhaps the reader will be convinced of why this work is important, and why it should take
so much time.
Understanding the processes acting within the global climate system is crucial for being able to
adapt to the changes it faces society with. As climate affects the daily life of practically every
living being on this planet, its importance can hardly be overestimated. Furthermore, a reason for
doing climate research is the fundamental scientific aspect of simply trying to understand the
world we live in.
As humans beings are terrestrial, just as most of their resources, the climate as experienced on the
continents would logically have our prime interest. However, for studying past climates, the ocean
floors provide the advantage of largely undisturbed, continuous, high quality archives, in strata
that often extend for hundreds of square kilometres. One cubic centimetre of deep sea sediment
may contain the remains of millions of marine organisms, which all carry information on the
ambient physical, chemical, and biological conditions of their environment during their life.
This work deals with the monsoon evolution, as reflected in e.g. sea surface temperatures, in the
western Arabian Sea during the last two glacial-interglacial cycles, with emphasis on the glacial-
interglacial transitions or Terminations. Within these periods we will focus on millennial scale
climate variability. In the following sections I will introduce the general background of this study.
In the first section, “the monsoon system”, I discuss the general atmospheric and oceanic
circulation patterns of the Earth. The mechanisms of the monsoon, which I explain next, result
from the global atmospheric circulation. I then elaborate on the study area: the Arabian Sea,
which is a monsoon-dominated area. An important process caused by the summer monsoon winds
is the upwelling of cold water along the coasts of e.g. Somalia and Oman, the functioning of
which I will briefly explain. I then introduce the specific planktonic organisms whose remains
form the backbone of this study.
In the “analytical methods” section I describe the various techniques used for extracting
palaeoclimatic information from the deep sea core that provided the material for this study.
Additionally, I explain how we place these results in a time frame. The possible forcing
mechanisms of these climate evolutions are evaluated in the following section “forcing
mechanisms of global climate”. The climatic characteristics of the chosen time intervals, i.e. the
last two glacial-interglacial cycles, are introduced in the section “the glacial-interglacial cycle”.
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Having thus introduced the background of this thesis, I elaborate on the research objectives and
the body of the work under the caption “this study”.
1.2. The monsoon system
Monsoon areas are key areas for climate research, and the realm of the Indian monsoon
particularly so, as this monsoon influences the lives of over a billion of people. The huge amounts
of energy transported by monsoon systems affect climate on a global scale. First I will explain the
broad mechanism of the (Indian) monsoon system.
1.2.1 Atmospheric circulation
The general circulation pattern of the Earth’s atmosphere can be simplified to three bands of
parallel winds on each hemisphere (Fig. 1.1). At the equator, temperatures are high, and air rises.
This air cools, and sinks at a latitude of approximately 30º, from where it flows back towards the
equator. This circulation pattern is called a Hadley cell (Fig. 1.2). Two more of these circuits
exist; the Ferrell cells between 30º and 60º, and the polar cell between 60º and 90º [Ruddiman,
2001]. The rotation of the Earth brings forth the Coriolis force, diverting these wind patterns to
the right on the northern hemisphere, and to the left on the southern hemisphere. This results in
SW and NE oriented wind fields on the northern hemisphere. Where warm air rises, it releases its
water vapour content, and precipitation is plentiful. The most prominent of these belts is the
Intertropical Convergence Zone (ITCZ), where the Hadley cells touch, and which is the
meteorological equator. Where dry air sinks precipitation is scarcer, and at these latitudes most
deserts are located. Because of factors like the disturbing influence of the Earth’s topography, and
the seasonally changing distribution of incoming solar energy, the atmospheric circulation patterns
are not as simple as in Fig. 1.1. For example, the ITCZ does not coincide with the equator, and
shifts seasonally (Fig. 1.3). For a more extensive discussion of these processes, see Ruddiman
Fig. 1.1Schematic representation of global
atmospheric patterns. From: Ruddiman
[2001]
Fig. 1.2Schematic cross section of a Hadley cell
Source: Creative Commons
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[2001] and references therein. I will address the situation in the Arabian Sea in more detail in the
section “the Indian monsoon system”.
1.2.2 Oceanic circulation
The circulation patterns in the oceans mainly result from wind forcing, density differences, the
Earth’s rotation, and the configuration of the continents. Water masses tend to rotate away from
the direction of winds that push them with increasing depth, due to the Coriolis force.
The density of ocean water is determined by its salt content (salinity) and temperature. When
water at the ocean surface becomes denser than the underlying water masses, it will sink. Due to
the uneven distribution of insolation over the Earth’s surface, ocean water located at higher
latitudes receives less energy. The one ocean that reaches from low latitudes to the highest
latitudes is the Atlantic Ocean. Surface water flowing into the North Atlantic Ocean has passed
through the low latitudes (e.g. the Gulf of Mexico) where evaporation is strong. While this
increasingly saline water flows north, it cools down, and becomes even more saline through the
formation of sea ice (which does not incorporate sea salt). By the time the water reaches the cold
regions in the vicinity of Iceland and Greenland, it is dense enough to sink to the deep ocean. As
the sinking water has to be replenished, surface water is drawn northward to the area of sinking.
The resulting nortwesthward current is connected to the Gulf Stream, and causes western
Europe’s mild climate.  Globally, this process is labelled the Conveyor Belt [Gordon, 1986] or
thermohaline circulation (THC), as it depends on the temperature and salinity gradients of the
ocean water. The north-south component of this system is also known as meridional overturning
circulation (MOC). The northern North Atlantic is nowadays the area where most sinking of
dense water takes place. This may have been inconstant on glacial-interglacial timescales [Seidov
and Maslin, 2001]. In the geological past, various continental configurations caused by plate
tectonics have resulted in other, dissimilar global circulation patterns.
Due to the existence of the continents, the ocean currents cannot display a regular pattern like the
idealized atmospheric circulation in Fig. 1.1. In some areas, the simple east-west ocean currents
one would expect in a solely oceanic world occur. Examples are the westward current through the
Indian Ocean, and the eastward circumpolar current that encircles Antarctica (Fig. 1.4). Most
currents, however, are diverted by the configuration of the continents. The surface hydrography
of the Indian Ocean, of which the Arabian Sea is a part, is dominated by the influx of warm water
from the Pacific Ocean, which enters the Indian Ocean through the Indonesian Archipelago. This
current is called Indonesian Through Flow (ITF) [Godfrey, 1996]. It flows westward until it
Fig. 1.3Position of
the ITCZ in January
and July. After a
figure by: New
Media Studio
January
July
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reaches Madagascar. There the current splits into a northern and a southern branch. The
northward current flows into the Arabian Sea, where part of it recirculates, and part flows into the
Bay of Bengal [Schott et al., 2002]. Most of the southern branch turns east at a higher latitude to
recirculate within the Indian Ocean, but some of its water flows westward along South Africa into
the Atlantic Ocean. This current is called Agulhas Leakage, and is considered to play an important
role in global climate [Peeters et al., 2004].
1.2.3 The Indian monsoon system
The Arabian Sea is surrounded by large land masses on three sides: Africa, the Arabian Peninsula,
and the Eurasian continent including the Indian Peninsula (Fig. 1.5). As continents have a lower
heat capacity than oceans, the incoming energy from the sun heats up the land masses faster (and
more) than the sea. During northern hemisphere summer, this results in high temperatures and
therefore low pressure on the Tibetan landmass, which induces the ITCZ to shift north (Fig. 1.6).
Fig. 1.4 Schematic outline of global oceanic circulation patterns.
Fig.1. 5The Arabian Sea from a global
perspective, and the position of Core
NIOP929.  Source: Google Earth, 2006
Surface water
Deep water
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Over the Indian Ocean, temperatures are much lower and pressure is higher. This results in strong
SW winds toward the continent. These winds take up large amounts of precipitation from the
southern Indian Ocean [Delaygue et al., 2001], which are released when the air masses are forced
to rise over the foothills of the Himalaya. The resulting rains not only provide the moisture
necessary for agriculture, but also release large amounts of energy, which add to the pressure
difference between the continent and the ocean.
In boreal winter, decreased insolation on the northern hemisphere, and increased albedo due to
snow cover, result in an atmospheric high over the Tibetan landmass. Increased insolation on the
southern hemisphere causes sea surface temperatures (SSTs) in the southern Indian Ocean to rise.
This temperature (and therefore pressure) gradient leads to cold and dry NE winds blowing over
the Arabian Sea.
These seasonally reversing wind patterns define the monsoon. In colloquial speech, the monsoon
is often taken to be the resulting precipitation, but this is technically not correct. In marine
science, it is not unusual that “monsoon”, “summer monsoon” and “upwelling” are used
interchangeably, as most climate reconstructions rely on summer monsoon induced upwelling, and
the response of marine life to it, to document the monsoon winds.
1.2.4 Upwelling
The SW winds of the summer monsoon drive the motion of the surface waters of the Arabian Sea.
The resulting currents are affected by the rotation of the Earth, through the Coriolis force, and
diverge to the right. This divergence leads to a net current perpendicular to the wind direction,
and away from the shore. This phenomenon, “Ekman pumping” (Fig. 1.7), sucks cold water from
a depth of a few hundred meters to the surface [e.g. Anderson et al., 1992; Brock et al., 1992]
(Fig. 1.8). This process is illustrated in the temperature distribution of Fig. 1.9. The upwelled
water is much richer in nutrients than the surface water, as the latter has been depleted by
plankton in the photic zone, which is the layer of water penetrated by sunlight. The high nutrient
levels and low temperatures result in the upwelled waters maintaining a distinct faunal
assemblage. The reversed (NE) winds of the winter monsoon lead to the opposite effect by the
same mechanism. Ekman transport piles water up against the coast and there is no upwelling.
When strong, the cold winter monsoon winds may mix the upper water layers of the Arabian Sea
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and thereby exert a modest cooling effect. In the period between the monsoons, wind strength is
low, SST is high, ocean waters are strongly stratified and productivity is low.
1.2.5 The Arabian Sea
The Arabian Sea is a suitable area for studying past climates for multiple reasons; one is that the
monsoon system makes the Arabian Sea a basin with very high upwelling-driven primary
productivity. This high productivity leads to a large flux of material, mainly remains of plankton,
to the sea floor. The thick deposits that accumulate allow for the construction of high resolution
palaeoclimate records. A second reason why monsoon areas are opportune regions for climate
research is the seasonally reversed wind system itself. This large seasonal atmospheric change
leads to large seasonal changes in e.g. water temperature, depth of the thermocline (the depth at
which water temperature changes drastically), and salinity. The variability of the system makes it
susceptible to subtle changes, which are then documented in the high quality sediment record.
Fig. 1.8Schematic mechanism of coastal
upwelling. From: Ruddiman [2001]
Fig. 1.7Schematic mechanism of Ekman
pumping. From: Ruddiman [2001]
Fig. 1.9Composite satellite
image of Indian Ocean sea
surface temperatures in
August. Upwelling of cold
water off the horn of Africa
and the Arabian peninsula
can clearly be seen. Source:
NASA
A colour version of this
figure can be found in
appendix III.
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Moreover, the Indian monsoon provides the necessary rainfall for the subsistence of more than a
billion people. Understanding the mechanisms that drive this phenomenon, and thereby being able
to anticipate on future changes, therefore is a necessity.
1.3. Forcing mechanisms of global climate
On a timescale of hundreds of thousands of years, glacial-interglacial cycles are the most
conspicuous climate fluctuation. These cycles are related to the variations in the orbital
configuration of the Sun and the Earth, and resultant changes in incoming insolation. The orbital
parameters, whose variations are often called Milankovitch cycles, after Milutin Milankovitch
(1879-1958), are eccentricity, obliquity or tilt, and precession (Fig. 1.10). Eccentricity is the
ellipticity of the Earth’s orbit around the Sun (Fig. 1.10a). Within this ellipse, the moment when
the Earth is furthest from the Sun is called aphelion, while the moment of closest proximity is
called perihelion. Precession is the variation of the seasons with respect to the Earth’s orbit; if e.g.
perihelion occurs in June, i.e. a precession minimum, the northern hemisphere or boreal summer is
warmer than average (Fig. 1.10b). Obliquity or tilt is the inclination of the Earth’s rotational axis
with respect to its plane of rotation (Fig. 1.10c). For a more elaborate discussion, see Ruddiman
[2001] and references therein.
The precise mechanism by which solar forcing influences glacial-interglacial climate cycles is not
fully understood. The influence of the solar radiation is modified in manifold ways; the reflectivity
of the atmosphere and the Earth’s surface, greenhouse gases, precipitation patterns, and ocean
currents are only some of the factors that modify the solar forcing of the climate.
Fig. 1.10 The orbital parameters associated with Milankovitch forcing. a: eccentricity; b: precession,
c: obliquity or tilt. After: Ruddiman [2001]
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Questions to which a generally accepted answer has not been found include how the global
climate system switches from a glacial to an interglacial state and vice versa. One aspect of this
answer would address which part of the climate system initiates this change; amongst possible
answers are the high latitude ice sheets, the low latitude ocean, and the North Atlantic Ocean.
Another aspect would be how the initiated process is transmitted through the entire climate
system. A theory that has been brought up is that of the global see-saw [Broecker, 1998]. This
theory can be simplified to the idea of heat distribution; if the northern hemisphere cools down,
the released heat must go somewhere, i.e. to the southern hemisphere. The mechanism by which
this could take place is the THC; if deepwater formation in the North Atlantic ceases, the
Southern Ocean can take over as the dominant area where dense water sinks, and large amounts
of heat would be transported south instead of north [Seidov et al., 2001]. This hypothesis
assumes antiphase behaviour of the two hemispheres. Another hypothesis concerns in-phase
behaviour of the hemispheres [Bard et al., 1997].
1.4. Analytical methods
Palaeoclimatologists try to reconstruct processes that can not be directly measured, so they have
to resort to indirect measurements. These are commonly called “proxies”; measurable properties
that are related to the property which is sought after. There are various ways in which the sea
water properties are reflected in the skeletons or the organic (soft) tissues of the biota living in it,
and thus there are many possible proxies. I will first elaborate on the specific planktonic species of
which the remains were used in this study. Then I will elucidate the three methods that form the
analytical backbone of this study. These are stable oxygen isotope measurements, the results of
which provide a stratigraphic framework, and information on the combined effect of global ice
volume, temperature and salinity, and two methods for temperature reconstruction. I then expand
on how these measurements are placed in an “absolute” time frame.
1.4. 1 Planktonic foraminifera and coccolithophorids
Plankton is the name for marine life that floats in the water column. It thereby distinguishes itself
from benthos, which lives on (or in the top layer of) the sea floor, and nekton, which can actively
propel itself horizontally. The biota most of the research in this thesis is based on are planktonic
foraminifera. These are among the most common types of plankton in the Arabian Sea, next to
e.g. dinoflagellates, radiolarians, diatoms, and coccolithophorids. Planktonic foraminifera belong
to the group of planktonic animals or zooplankton (as opposed to planktonic plants:
phytoplankton). They build calcite exoskeletons (also called tests or shells), of which the physical
and chemical composition reflects the sea water they were formed in. After the deaths of the
organisms many of these skeletons pile up on the sea floor, so that deep sea cores from most
ocean basins contain millions and millions of these foraminifera tests. As each planktonic species
has its own preferences regarding depth habitat, seasonal habitat, and food source, it is possible to
extract a many-sided record of past sea water conditions from a microfossil assemblage. For
instance, a researcher who wants to reconstruct the stratification of the ocean could measure the
properties of the tests of a shallow dwelling species and a deeper living species. When the signals
resemble each other, the water masses were thoroughly mixed. Large differences point to well
developed stratification. As the summer and winter monsoon seasons each have their distinctive
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foraminifera assemblages, it is also possible to reconstruct a season specific reconstruction of the
water properties.
The two species of foraminifera used in this study are Globigerinoides ruber and Globigerina
bulloides (Fig. 1.11); the former is a tropical species that thrives in both monsoon seasons in the
Arabian Sea, and the latter is a cold water species that thrives in nutrient rich water [Peeters and
Brummer, 2002; Peeters et al., 2002]. It is possible that the foraminifera adorned with this name
represent different species, between which to this day no distinction has been made. This could
explain their abundance in both polar waters and the upwelling waters of the tropics. In the
Arabian Sea, where probably only one species thrives, G. bulloides almost exclusively grows
during the summer monsoon season, when upwelling provides favourable circumstances for its
life cycle.
Coccolithophorids (Fig. 1.12) are single-celled algae that build a calcareous cuirass. This consists
of little plates of calcite, often round(ish), that together form a small sphere. The most well known
species is Emiliania huxleyi, which is also the most common species (and has been for tens of
thousands of years; Müller et al. [1997]). This species features on many beautiful satellite images
of plankton blooms (Fig.1.13). Before E. huxleyi was the dominant species, this position was
occupied by Gephyrocapsa oceanica. Research on the remains of these algae uses not only the
calcite plates, but also the organic matter, of which some constituents are resistant to
biodegradation.
1.4.2 Stable oxygen isotope measurements
Oxygen has several stable isotopes. The most common isotope is 16O, which constitutes ~99.7%
of all oxygen on Earth. Another stable oxygen isotope that is often used in palaeoclimate studies
is 18O. These isotopes have slightly different physical properties. As 18O is heavier, water
molecules containing it tend to evaporate from liquid water with a bit more difficulty, and when
they do, they rain out of the atmosphere a little bit easier; this is called the “Rayleigh effect”. This
phenomenon has many more specific aspects; for instance, the “amount effect”; rain clouds lose
ba
Fig. 1.11 (left) Two species of planktonic foraminifera. a: Globigerinoides ruber, b: Globigerina
bulloides. Photos: Saskia Kars
Fig. 1.12 (middle) Emiliania huxleyi, a coccolithophorid species. Photo: Saskia Kars
Fig. 1.13  (right) A plankton bloom off the coast of Cornwall (UK). Source: Landsat image from
24th July 1999, courtesy of Steve Groom, Plymouth Marine Labortatories, and NERC Earth
Observation Data Acquisition and Analysis Service. A colour version of this figure can be found in
appendix III.
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their 18O first, and with continuing rain the precipitation becomes increasingly enriched in 16O
[Rozanksi et al., 1993]. This also leads to rainfall being increasingly depleted in 18O further from
its source, which often means it becomes more depleted further inland (the “continental effect”)
[Rozanksi et al., 1993]. It also leads to 16O preferentially evaporating from the ocean and
precipitating on the continents, which means the high latitude ice sheets are relatively enriched in
16O. Reciprocally it causes the oceans to be relatively depleted in 16O during ice ages, when the ice
caps are of maximum size [Shackleton, 1987]. Measuring the 18O/16O (δ18O) ratio in sea water
thus provides insight into how much ice was stored on the continents. Additionally, the δ18O value
of ocean water is affected by the evaporation/precipitation balance, riverine influx, and
temperature. Warm water contains the energy to also release 18O by means of evaporation, and is
therefore more depleted than colder water. As it is not possible to measure fossil ocean water, the
tests of fossil planktonic (and benthic) foraminifera are measured. Many of these, including the
two species used in this study, calcify in isotopic equilibrium with the surrounding sea water and
thus allow reconstruction of past ocean δ18O. δ18O is a composite proxy for global ice volume,
SST, and sea surface salinity (SSS), and therefore a complicated proxy to use. However, it is
possible to subtract a reconstruction of global ocean water δ18O (δ18Ow) from raw δ18O records. In
this way, the effect of the continental ice sheets is eliminated, and the residual data only reflect
SST and SSS. If an independent SST proxy record (see below) is available, it is possible to
extract the variability due to SST from the δ18O record as well, leaving only salinity. When there
are good reasons to disregard salinity changes, δ18O combined with a global δ18Ow record can be
used as an SST proxy, or vice versa.
1.4.3 Mg/Ca palaeothermometry
The calcareous skeletons of foraminifera does not consist of pure CaCO3; some of the Ca
2+ atoms
are replaced by other bivalent cations, such as Mg2+ atoms. As incorporating atoms of aberrant
size in a crystal lattice requires extra energy, this occurs relatively often in warm environments,
due to the ample availability of thermal energy. The ratio of Mg to Ca in a calcitic shell therefore
is a measure for past sea water temperatures. The chemical composition of foraminiferal tests,
taken from newly deposited sea floor sediments (core tops), has been calibrated with instrumental
measurements of the temperature of the overlying water [e.g. Dekens et al., 2002; Rosenthal et
al., 1997]. These calibrations have been corroborated by studies in which calcite was precipitated
either inorganically or by living foraminifera in a controlled environment [Nurnberg et al., 1996].
Using these data, equations have been constructed that relate the Mg/Ca ratio of foraminiferal
tests to the ambient sea water at the time of calcification [Anand et al., 2003; Elderfield and
Ganssen, 2000].
1.4.4 Alkenone palaeothermometry
Coccolithophorids produce alkenones: diverse organic molecules with chains of 37 or 38 carbon
atoms. The carbon chains of alkenones contain a variable number of double bonds, which
influences the physical properties of the molecule. Varying this number allows the algae to adapt
to changing environmental conditions, like ambient water temperature. Reciprocally this means
that, by measuring the number of double bonds in preserved alkenones, ambient sea water
temperature can be reconstructed [Prahl and Wakeham, 1987]. The number of double bonds (2, 3
or 4) in the C37 chains, or the alkenone unsaturation, is used as a temperature proxy; higher
temperatures correspond to less double bonds. The most commonly used unsaturation index is the
Uk’37 index, which ignores the chains with 4 double bonds (C37:4), and is calculated with the
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equation Uk’37 = C37:2/( C37:2 + C37:3). This index can then be translated into a temperature using a
transfer function [e.g. Prahl and Wakeham, 1987; Sikes and Volkman, 1993; Sonzogni et al.,
1997].
1.4.5 Dating
Climatic reconstructions are meaningful only when placed in a time frame. Age models for marine
records of glacial-interglacial time scales are generally constructed by either of two methods.
Records not older than 40,000 years can be dated using 14C dating. Records that are older, and
that do not have fortuitous datable volcanic ash layers or other commodities, cannot be dated in
the strict sense of the word. Such records are generally matched to a stacked δ18O record. The
effect on oceanic δ18O of the waxing and waning of continental ice sheets was already explained.
As the amount of continental ice is affected by changes in the amount or distribution of incoming
solar radiation, and the timing of these changes is known [Berger, 1978; Milankovitch, 1941], a
global δ18O calibration curve, tuned to insolation, could be constructed (Fig. 1.14) [Martinson,
1987]. Stacked records such as the Martinson stack can be verified using e.g. U/Th dated corals
that indicate times of sea level highstand. The precise relationship, if even known, between
insolation and global oceanic δ18O is beyond the scope of this introduction. It suffices to say that
this age scale, though not undisputed, is widely used, including in this study.
In palaeoclimate studies, ages are generally expressed in thousands of years before present (ka
BP), where “present” is 1950. The glacial and interglacial stages are termed Marine Isotope
Stages (MIS) or Oxygen Isotope Stages (OIS), and have been assigned numbers. In general,
interglacials have odd numbers (like MIS 1, also known as the Holocene), and glacials have even
numbers. This practice was abandoned in terms regarding the last glacial cycles; the glacial
inception that ended the penultimate interglacial falls within stage 5, and the last ice age
incorporates MIS 4, 3 and 2. As is already apparent by the Holocene corresponding to MIS 1, the
numbers increase with increasing age. As a further subdivision, some Marine Isotope Stages have
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been divided into substages; MIS 5 consists of substages 5e to 5a. Events within, or on the border
between, isotopic stages have also been assigned numbers; for instance, the peak interglacial of
MIS 5 is called 5.5 (sometimes subdivided in 5.51 to 5.53). The transitions from a glacial to an
interglacial period are called deglaciations or Terminations. The term “Termination” is used by
some to indicate the time interval from fully glacial to fully interglacial conditions [e.g. Gallup et
al., 2002], while others use the term for the midpoint of the deglaciation [e.g. Broecker and
Henderson, 1998]. Terminations are also numbered; the transition from the last glacial to the
present interglacial is Termination I (Fig. 1.14) and the MIS 6 to 5 transition is named
Termination II. As with isotopic stages, the numbering goes up while going back in time. This is
counter-intuitive for geologists, as they arrange their observations from old to young, from
bottom to top and from right to left. It is, however, the most practical way of cataloguing, since
those that started this inventory top-down had no way of knowing how many glacial cycles there
were in total.
1.5. The glacial-interglacial cycle
For the last ~900,000 years, the Earth has experienced a more or less harmonic cycle of ice ages
(glacials) and interglacials [Ruddiman, 2001], the last of which are shown in Fig. 1.14. The
glacials are characterized by a.o. large continental ice sheets, low atmospheric CO2
concentrations, and low surface temperatures. The more extensive glacial snow covers at high
latitudes and altitudes, most likely also in Tibet [Benn and Owen, 1998; Kuhle, 1998], result in
higher reflectivity or albedo, which cools the surfaces even more. All these factors result in quite
different atmospheric patterns than those seen presently; for instance, during glacials the polar
cells are increased in size and strength at the expense of the Hadley cells. Such boundary
conditions also strongly influence the Indian monsoon system. The low continental temperatures,
caused by reduced insolation, and further decreased by albedo and reduced greenhouse effect,
reduce the pressure gradient in summer, weakening the summer monsoon. This process is
enhanced by low southern SSTs that hamper uptake of moisture by the SW monsoon winds.
Conversely, the continental cooling, which is much stronger than the oceanic cooling due to the
different thermal capacities, enhances the winter monsoon.
1.5.1 Millennial scale cycles
Superimposed on the 100,000 year glacial-interglacial fluctuation is climate variability on the
millennial scale. It was already known in the late 19th century from terrestrial records that the last
deglaciation had not been a smooth transition [e.g. Sernander, 1894]. Termination I was
subdivided in the Bølling-Allerød warm period, and the following Younger Dryas (YD), which
represents a ~1200 year return to glacial conditions, after which the Holocene began (Fig. 1.15).
A more detailed view on climate variations on this scale was offered by ice cores drilled in the
Greenland Ice Sheet in the 70’s [Dansgaard et al., 1984]. Not only was the Younger Dryas seen
in the δ18O and dust records of the ice; the last glacial period apparently was interrupted by over a
dozen short warm periods of almost interglacial signature. When these findings were corroborated
by more Greenland ice records, the high amplitude fluctuations were granted a name: Dansgaard-
Oeschger (D-O) cycles (Fig. 1.15). The warm intervals of D-O cycles are called interstadials,
while stadials are cold intervals in glacial periods. When deep sea records of the North Atlantic
became available, evidence of related millennial climate fluctuations was found. Layers of (coarse)
41
Chapter 1: introduction/summary
clastic material, deducted to be derived from melting icebergs, indicated many large scale pulses
of iceberg melting [Heinrich, 1988]. These pulses were called “Heinrich events” (HE), and given
numbers, with the most recent pulse called Heinrich 1. It was found that these events occur at the
end of a period of “typical” glacial temperatures, just before a shift towards higher temperatures
associated with the D-O cycles. Not all D-O cycles are concomitant with a Heinrich event (Fig.
1.15).
The Vostok ice core [Petit et al., 1999], drilled on Antarctica, showed that the high southern
latitudes had experienced a different climatic evolution: the glacial-interglacial transition showed a
gradual warming from 20 ka BP, with only a modest interruption around 14 ka BP, the Antarctic
cold reversal or ACR (Fig. 1.15). Climate oscillations resembling the D-O cycles are also seen in
the Vostok records, but they are not as abrupt as those seen in the Greenland ice cores.
Scientists became interested in the impact of these strong oscillations, and a search for D-O
events in temperate and tropical parts of the globe was initiated. Climatic events considered to be
the equivalent of D-O cycles or Heinrich events were found in various locations, such as East
Pacific sediments [Thunell and Graham Mortyn, 1995], Chinese Loess [Porter and Zhisheng,
1995], Chilean Glacier ice [Lowell et al., 1995], and Arabian Sea sediments [Schulz et al., 1998].
The expression of these cyclicities varies between the different locations; they occur as
oscillations in e.g. temperature, humidity, productivity and mass accumulation rate. The precise
coherence between the widely ranging D-O like climate fluctuations is not understood, but it is
assumed both oceanic and atmospheric circulation contribute to this teleconnection [e.g. Curry
and Oppo, 1997].
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Fig. 1.15 The δ18O curve of a Greenland ice core (North GRIP) of the last glacial cycle. For
comparison, the δD curve of Antarctic ice core VOSTOK is give too. YD: Younger Dryas. B/A:
Bølling-Allerød. H1-4: Heinrich events 1 to 4. D-O: Dansgaard-Oeschger cycles. ACR: Antarctic
Cold Reversal. Data from: Petit et al. [1999], and North GRIP project members [ 2004]
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1.6. Previous work
Mankind has been aware of the monsoon system for millennia [Warren, 1987], and of its
dependence on this system in the context of agriculture and seafaring. Intense seafaring related to
trade with India and the Far East in the 17th and 18th centuries attracted the attention of western
European scientists to the Asian monsoon system. In 1696, Halley published a description of and
explanation for the Indian monsoon that included differential heating of the ocean and continent
[Halley, 1696], a factor that is regarded as essential to this day. Among the first attempts to
reconstruct the monsoon involved reconstructions of the water level in the Nile, and the notion
that this was in some way related to the Indian monsoon [Walker, 1910]. Systematic research of
the monsoon, however, dates back only a few decades. The Atlas by Wyrtki [1971] can be seen as
a first step. Among the bellwethers of research in the Arabian Sea/Indian Ocean are Warren Prell
and Jean-Claude Duplessy, who wrote foundational articles on the monsoon in the early 80’s. The
former performed pioneering work on detecting the upwelling signal in ocean sediments [Prell
and Curry, 1981] and evaluating forcing mechanisms [Prell, 1984]. The latter focused on
planktonic foraminifera as proxy carriers [Duplessy et al., 1981] and on glacial-interglacial
differences in monsoon intensity [Duplessy, 1982]. In the early 90’s, Arabian Sea monsoon
research expanded. Work by e.g. David Anderson, Steven Clemens and Dick Kroon elucidated the
physical mechanism of upwelling [Anderson et al., 1992], monsoon forcing [Clemens et al.,
1991] and the long term monsoon evolution [Kroon et al., 1991]. In the years ’92 and ’93, the
R.V. Tyro traversed the Arabian Sea, a cruise during which the core was taken on which this
thesis is based [van Hinte et al., 1995]. Outcomes from this cruise can be found in Conan [2006],
Ivanova [1999], and Peeters [2000]. In recent years, much Arabian Sea research has been done,
focusing on e.g. SST [Cayre and Bard, 1999; Emeis et al., 1995; Rostek et al., 1997],
productivity [Altabet et al., 1995; Reichart et al., 1997; Schulte et al., 1999], sediment fluxes
[Conan and Brummer, 2000], teleconnections [Jung et al., 2004; Schulz et al., 1998; Sirocko et
al., 1996] and monsoon forcing [Clemens and Prell, 2003; Leuschner and Sirocko, 2003;
Ruddiman, 2006]. As understanding of the system increases and technical possibilities multiply,
monsoon research is still gaining in depth, width and resolution.
1.7. This study
Several questions on the Arabian Sea are still unanswered, and several discussions are still
ongoing. This thesis adds data and their discussion to the discourse, and is intended to increase
general knowledge of the monsoon system, and its place in global climate. Ultimately, this will
help in predicting monsoon behaviour in the future.
Due to a lack of high-resolution records, the climate evolution of the Arabian Sea during MIS 5e
was not yet well constrained. This thesis aims to fill this lacuna. MIS 5e is a useful analogue for
the near future, as it is the most recent (and therefore best documented) period in time when
temperatures were higher than in the Holocene. For studying the actual monsoon system, on
which millions of people depend, understanding this period might be crucial. When studying MIS
5e, it is imperative to study the development in MIS 1 as well, as it provides the benchmark
against which the MIS 5e results are placed.
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The specific questions we set out to answer were:
Can we separate the influences of the NE monsoon, the SW monsoon, and regional
hydrography in a western Arabian Sea core? And if so, is there a dominant factor?
What is the relationship between western Arabian Sea SST and Arabian Sea productivity
on a millennial scale?
Does the inverse relationship between North Atlantic temperatures and Arabian Sea
productivity during Heinrich events, found in the northern Arabian Sea, hold for the
western Arabian Sea as well?
Are North Atlantic cold periods marked by low winter SSTs, due to invigorated NE
monsoon winds, as suggested by Schulte and Müller [2001 and Schulz et al. [1998]?
What aspects of SST do Mg/Ca and Uk’37 palaeothermometry precisely document in the
western Arabian Sea?
Was the SST evolution in MIS 5 comparable to that in MIS 1?
How does the Indian monsoon evolve when an interglacial ends?
Can we establish a forcing mechanism for the Indian monsoon system?
Does the monsoon respond to forcing in the same way in MIS 6-5 and MIS 2-1?
Initially, a core section covering the period 150-90 ka BP (late MIS 6 to MIS 5c) was sampled, in
order to reconstruct the monsoon evolution over this period that covers a full glacial cycle. This
allowed observing the total reorganization of the climate system from a glacial, NE monsoon
dominated configuration to a SW monsoon dominated interglacial configuration. The phasing of
the monsoon changes with respect to possible monsoon forcing mechanisms was established, in an
attempt to establish which factor is dominant.
Next, the part of the core ranging from 20 ka BP to the core top was sampled and measured.
These records form the benchmark to which the older records were compared.
As the records contained proxies for both global sea level and local temperature, the relative
timing of Arabian Sea climate changes, specifically the glacial-interglacial transition, could be
evaluated with respect to global ice melting. The time resolution of ~50 and ~180 years of the
records also allowed an evaluation of the response of the Arabian Sea to North Atlantic ice rafting
events. Comparison of the Arabian Sea records with other low latitude marine cores and high
latitude ice core records has added to the understanding of the hemispheric phasing of glacial-
interglacial climate changes. More specifically, an evaluation is presented of not only how the
Arabian Sea climate system reacts to glacial-interglacial changes, but also how the Arabian Sea
contributes to these. The comparison of the two Terminations (I and II) allows assessment of
whether the observed relationships apply to glacial terminations in general, or if they are specific
for the time interval in which they were observed.
For these purposes, several proxy records were constructed from a western Arabian Sea core:
NIOP929. The core location is chosen such that both the SW and NE monsoon affect it, and both
systems can be reconstructed from this one core. The sampling resolution in the last deglacial
cycle is ~50 years, and in the penultimate deglacial cycle ~180 years. The findings are presented in
the chapters 2 to 6, which are introduced and summarized next.
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1.7.1 Chapter 2: Western Arabian Sea SSTs during the last deglaciation
In this chapter, the δ18O record of G. ruber (δ18Orub) and the Mg/Ca derived SST reconstruction
covering the last 20,000 years, i.e. the period from the last glacial maximum (LGM) to (sub-)
recent, are introduced. The age frame is provided by 14C dating.
The onset of the deglacial warming could either be placed at 19 or 17 ka BP, at times when the
North Atlantic was still cold. Maximum temperatures occur during the time equivalent of the YD.
The glacial-interglacial temperature difference is ~2ºC. Comparison with cores from other regions
of the Arabian Sea reveals that this temperature difference and the early warming are a regional
phenomenon. High temperatures during the YD are found in many, but not all, Arabian Sea cores.
The organic carbon concentration (%TOC), which is an indicator of productivity, of Core
NIOP929 matches that of cores from the northern Arabian Sea, indicating they reflect a regional
pattern. Periods of low %TOC, which have been shown to coincide with low North Atlantic
temperatures, are associated with high western Arabian SST. In the period 19 to 16 ka BP, two
periods of light δ18O and high SST occurred, which were not expected on the basis of existing
literature. Careful examination of these warm periods, named Arabian Sea warm events (ASW) 1
and 2, reveals they are most likely not due to monsoon variability, but can possibly be linked to
increased influx of warm water form the west Pacific.
1.7.2 Chapter 3: Sea surface temperatures during the SW and NE monsoon seasons in the
western Arabian Sea over the past 20,000 years
In this chapter the Core NIOP929 climate records are extended by adding the δ18O of planktonic
foraminifer species G. bulloides (δ18Obul), a cool water species that, in the Arabian Sea, almost
exclusively lives during the SW monsoon. Subtracting this record from the δ18O record of G.
ruber takes the annual average influences on δ18O, like ice effect, out. What is left, ∆δ18Orub-bul, is
proportional to the difference in calcification temperature (Tc) of the species, and can linearly be
converted to ∆Tcrub-bul. As the seasonal contrast is dictated by the two monsoons, seasonal contrast
is an indirect measure for the strength of the SW and NE monsoons. The results show that, from
the LGM up to the YD, the δ18O values of G. ruber were consistently higher than those of G.
bulloides, indicating colder winter SSTs than summer SSTs. This can be ascribed to weak summer
monsoon and strong winter monsoon. The first, unstable onset of the SW monsoon occurred at
the onset of the YD, and the modern situation with strong SW monsoon and weak NE monsoon
was initiated at about 8 ka BP.
Having the δ18Orub record, the record of the concomitant Mg/Ca derived calcification
temperatures, and a record of the difference of calcification temperatures of G. ruber and G.
bulloides (∆Tcrub-bul), a set of equations was produced to calculate the calcification temperature of
G. bulloides, and estimates of the actual seasonal temperatures. The low calcification
temperatures of both species in the late glacial, and of G. ruber from 8 ka BP onward, are shown
to be robust by an error analysis. The uncertainty of the seasonal SSTs cannot be quantified due to
lack of data on past seasonal distribution patterns of the species used. The summer monsoon SST
(TSW) was roughly constant at higher than modern values from the LGM until the onset of strong
upwelling, when it abruptly dropped. The winter monsoon SST (TNE) was more variable in the
glacial and deglacial periods. TNE rose at 13 ka BP and at the onset of strong upwelling at 8 ka
BP. Increased knowledge of palaeoecology or the additional measurement of Mg/Ca on G.
bulloides would improve the accuracy of the method.
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1.7.3 Chapter 4: Sea surface temperatures in the western Arabian Sea in the penultimate
and last interglacial: a comparison of Uk’37 and Mg/Ca palaeothermometry
In this chapter the δ18Orub, Mg/Ca SST, and Uk’37 records of the period 150-90 ka BP are
introduced. This period encompasses the end of glacial MIS 6, the deglaciation, interglacial
substage 5e, and the glacial substages 5d and 5c. Interestingly, the two SST proxy records have
an offset of 3.5ºC, which is approximately the magnitude of the glacial-interglacial SST contrast
in the Arabian Sea. There is also a 6 ka offset in the onset of the deglacial warming in the Uk’37
SST record with respect to the Mg/Ca SST record.
Comparison with the data from Chapter 2 reveals that the Mg/Ca SST in the penultimate glacial
cycle is comparable to that of the last glacial cycle. The Mg/Ca SSTs in substage 5e are ~1.5ºC
higher than modern calcification temperatures of G. ruber. Uk’37 SST, however, ranges from
modern annual average SST in the glacial maxima, to higher than modern intermonsoon
(maximum) SST during the peak interglacial. In this chapter we assess possible mechanisms to
explain this discrepancy. We suggest several scenarios; firstly, concerning the Mg/Ca
measurements, the following options are discussed: 1) dissolution of the foraminiferal tests, and
2) a change in depth habitat of G. ruber. We conclude these factors can account for a part of the
observed offset.  Secondly, scenarios concerning the Uk’37 results are discussed: 1) lateral
transport of the alkenone bearing fine fraction, 2) differential bioturbation, 3) a change in seasonal
habitat of the alkenone producing species, 4) a change in depth habitat of the alkenone producing
species, 5) the change (at ~80 ka BP) in dominant alkenone producing species from E. huxleyi to
G. oceanica, which may have a different depth- or seasonal habitat, and 6) a change in alkenone
unsaturation-temperature relation. Possibility 2 is discarded, and the possible magnitude is
evaluated of the effects of scenarios 4 and 5, which are limited. The other scenarios may
contribute to the discrepancy; however, there are no means of assessing the relative importance of
these scenarios. It is concluded that it is advisable to take the possibility into account that, in
records from MIS 5 or older, the Uk’37 SST does not represent annual average SST, as is often
assumed [e.g. Herbert, 2001; Sachs et al., 2000; Sonzogni et al., 1997].
The 6 ka lag of Uk’37 SST with respect to Mg/Ca SST is robust, and may be related to a difference
in seasonal habitat of the foraminifera and coccolithophorids, as the different seasons may not
have experienced an identical deglacial warming.
1.7.4 Chapter 5: Monsoon forcing on seasonal sea surface temperatures during
Terminations I and II in the western Arabian Sea
This chapter has a dual function; first, it is the MIS 6-5 equivalent of chapter 2. The δ18Obul and
resultant ∆δ18Orub-bul records of the period 152-94 ka BP are introduced, and the calcification
temperature of G. bulloides and seasonal SSTs are calculated. As indicated by ∆δ18Orub-bul, the SW
monsoon reached interglacial strength at the onset of the deglaciation, and lasted until 8000 years
after the glacial inception; in total lasting for 27,000 years. The seasonal SST contrast was largest
in substage 5d, where it was slightly higher than in the Holocene. This long (3 precession cycles)
monsoon record allows us to evaluate possible forcing mechanisms. Error analysis showed that
the multimillennial scale trends in the calcification temperature records were robust. Taking the
resultant seasonal SST records at face value, it is documented that TSW varies with a frequency
similar to that of precession, and agrees best with a forcing of the equatorial February-August
hemispheric insolation gradient. TNE displays a similar evolution as Antarctic δD and CO2 content,
which are a proxy for and an amplifier of temperature, respectively. The Ba and Ba/Al
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productivity records are consistent with regional productivity records, but dissimilar to the
temperature records, indicating the signal is robust, but productivity and SST are decoupled.
The second part of the chapter focuses on the deglacial period 140-120 ka BP, in comparison with
the last deglacial period 20-0 ka BP or, in short, the comparison of Terminations I and II. Both
Terminations show a similar development in δ18Orub, δ18Ow, and TSW. Large differences, more in
timing than in amplitude, are found between the δ18Obul, ∆Trub-bul and TNE. The onset of the
interglacial SW monsoon occurred after the deglaciation in Termination I, and at its onset in
Termination II. It is difficult to explain this with insolation or greenhouse gases. Possibly, the
extent of the Tibetan ice cover played a role in causing this difference.
1.7.5 Chapter 6: Western Arabian Sea and high latitude records of Terminations I and II:
implications for deglacial climate forcing
In this chapter the results from the preceding chapters are placed in a global framework. The
Arabian Sea SST and productivity records are compared with high latitude temperature records.
Previous studies indicated a positive relationship between Arabian Sea productivity and North
Atlantic temperatures. In chapter 2 North Atlantic temperature and Arabian Sea productivity and
temperature are shown to display similar trends on Milankovitch timescales, but to differ on the
millennial scale. North Atlantic cold spells coincide with low productivity and high SST in the
Arabian Sea. In this chapter we show that this relation is valid for the period 152-94 ka BP as
well. Surprisingly, this high SST is mostly attributable to winter SST.
We also showed the lead of the Arabian Sea with respect to the high northern latitudes in
deglaciations. This pattern has been found throughout the tropics. This may be an indication of
the influence of low latitude SST on atmospheric water vapour and CO2. These factors then have
a great effect on global climate, and may trigger deglaciations. Additionally, it is possible that
during glacials, when ocean circulation is weak, heat piles up at the low latitudes, and would be
transported westward by the trade winds. Modelling experiments confirm this possibility. Indian-
Atlantic water transport has been shown to be strongest during deglaciations. If this water
transport would vent the excess heat of the Indian Ocean into the Atlantic Ocean, it could aid in
melting northern hemisphere ice.
1.7. 6 Chapter 7: Epilogue
In this chapter I evaluate what the main results from the preceding chapters are, and what steps
could be taken to further this research. I also assess what implications for the future our findings
may have.
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Western Arabian Sea SSTs during the last
deglaciation
M.H. Saher, S.J.A. Jung, H. Elderfield, M.J. Greaves, and D. Kroon
2.1. Abstract
In this study we present a sea surface temperature (SST) record from the western Arabian Sea for
the last 20,000 years. We produced centennial scale δ18O and Mg/Ca SST time series of Core
NIOP929, with a focus on the glacial-interglacial transition. The western Arabian Sea is
influenced by the seasonal NE and SW monsoon wind systems. Lowest SSTs occur during the
SW monsoon season due to upwelling of cold water, and highest SSTs can be found in the low
productivity intermonsoon season. The Mg/Ca based temperature record reflects the integrated
SST of the SW and NE monsoon seasons. The results show a glacial-interglacial SST difference
of ~2ºC, which is corroborated by findings from other Arabian Sea cores. At 19 ka BP a yet
undescribed warm event of a several hundred years’ duration is found, which is also reflected in
the δ18O record. A second centennial scale high SST/low δ18O event is observed at 17 ka BP. This
event forms the onset of the stepwise yet persistent trend towards Holocene temperatures.
Highest Mg/Ca derived SSTs in the NIOP929 record occurred between 13 and 10 ka BP.
Interglacial SST is ~24ºC, indicating influence of upwelling. The onset of Arabian Sea warming
occurs when the North Atlantic is experiencing minimum temperatures. The rapid temperature
variations at 19, 17 and 13 ka BP are difficult to explain with monsoon changes alone, and are
most likely also linked to regional hydrographic changes, such as trade wind induced variations in
warm water advection.
This manuscript has been accepted for publication in Paleoceanography.
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2.2. Introduction
Monsoon dominated climate systems are the most dynamic coupled atmosphere-ocean-continent
systems on Earth [Webster et al., 1998 and references therein]. The Arabian Sea is affected by the
west Asian monsoon system [Brock et al., 1992; Prell and Curry, 1981; Rixen et al., 1996; Shetye
et al., 1994] controlling environmental conditions in large parts of the area. The seasonal change
from the summer SW monsoon to the winter NE monsoon affects surface ocean properties, and
largely controls the environmental conditions over the Asian subcontinent. In the monsoon
induced upwelling areas in the western Arabian Sea, cool sea surface temperatures prevail during
summer, reflecting the subsurface origin of these waters. During winter upwelling ceases and sea
surface temperatures are higher. The highest temperatures occur in the intermonsoon seasons;
these, however, are only marginally documented in the proxy records used, as foraminiferal
productivity is low in these seasons [Conan and Brummer, 2000; Curry et al., 1992].
Several authors have studied the glacial-interglacial sea surface temperature (SST) history of the
Arabian Sea [Emeis et al., 1995; Rostek et al., 1997; ten Haven and Kroon, 1991], concluding
that the SST history of the basin is primarily dictated by the global glacial-interglacial SST signal,
with low glacial and high interglacial SST, respectively. Similarly, the history of the Indian
monsoon system was mainly dominated by glacial-interglacial cycles [e.g. Bigg and Jiang, 1993;
Prell et al., 1992]. During glacial periods, snow cover on the Tibetan Plateau possibly increased
[Benn and Owen, 1998], and SSTs in the South Indian Ocean were lower [Sonzogni et el., 1998].
This resulted in reduced SW monsoon strength [Anderson and Prell, 1993; Prell and Campo,
1986], whereas the NE monsoon was intensified [Duplessy, 1982; Fontugne and Duplessy, 1986;
Prell and Campo, 1986].
The Arabian Sea has received increasing attention in the context of the current debate on the
hemispheric phasing of millennial to centennial scale climate changes [Alley et al., 2002; Bard et
al., 1997; Blunier and Brook, 2001; Blunier et al., 1998; Broecker, 1998]. Based on comparably
low resolution records, a number of authors concluded that the climate pattern changed in phase
with the North Atlantic Ocean [Altabet et al., 1995; Leuschner and Sirocko, 2000; Reichart et al.,
1998; Schulte and Müller, 2001; Schulz et al., 1998]. Schulz et al. [1998] confirmed this
conclusion from a millennial-scale palaeoproductivity record by demonstrating a parallel change in
the strength of the oxygen minimum zone (OMZ) in the Arabian Sea, and temperatures over
Greenland. A comparable relationship was found in the palaeoproductivity signal of sediments off
Somalia [Ivanochko et al., 2005; Jung et al., 2002].
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Fig. 2.1 Location of Cores
NIOP929, [Ivanova, 1999],
74KL [Sirocko et al., 1993],
93KL, 111Kl, 136KL [Schulz et
al., 1998], MD77194 [Cayre
and Bard, 1999], and ODP Hole
723A [Anderson and Prell,
1993]
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Here, we present a combined δ18O - Mg/Ca time series of sediment Core NIOP929 with a
centennial scale time resolution. We aim to relate SST changes in Core NIOP929 to regional
temperature trends and monsoonal activity by comparing them to other Arabian Sea SST records.
This will answer whether the synchronicity of low productivity in the Arabian Sea with North
Atlantic cold periods is also seen in the area of Core NIOP929. Subsequently we can assess how
possible productivity minima relate to SST, and how the observed temperature patterns constrain
monsoon intensity in these periods.
2.3. Scientific strategy
2.3.1 Modern monsoonal change in the Arabian Sea
Core NIOP929, in some studies referred to as TY93-929P2 [Rostek et al., 1997], was taken as
part of the Netherlands Indian Ocean Programme (NIOP) [van Hinte et al., 1995]. The core was
retrieved from the western Arabian Sea (Fig. 2.1) (13º42,21N; 53º14,76E) at 2490 m water
depth. The site of Core NIOP929 currently is strongly affected by the seasonal change in
monsoonal airflow. Differential heating of the ocean waters and continental landmasses results in
a seasonally reversing atmospheric pressure gradient. In boreal summer, the low pressure over
Tibet causes the intertropical convergence zone (ITCZ) to shift north, and induces the strong
southwest monsoon. Ekman transport caused by these winds induces upwelling of cold water,
thereby lowering the sea surface temperature. In winter, the ITCZ shifts south, and the weaker
northeasterly winds of the winter monsoon allow the surface waters of the Arabian Sea to become
stratified, and heat up relative to the summer. We aimed at understanding the temperature history
at the centennial to millennial scale. A complex SST history is anticipated as variations in both
monsoon wind systems must have influenced SST. Northern hemisphere cold periods, for
instance, could on the one hand result in cold NE monsoon winds cooling the water surface, and
on the other hand in reduced SW monsoon strength with associated reduced upwelling, and
therefore high SSTs. In addition, other factors may have been involved in the SST evolution, such
as regional SST variations induced by oceanic currents as a result of trade wind variability.
2.3.2 Age model
The age model of Core NIOP929 is based on 9 AMS 14C dates (Table 2.1, Fig.2.2). One AMS 14C
date was taken from Ivanova [1999], and eight new AMS 14C dates are based on the planktonic
foraminifera species G. menardii. In most cases we used tests from the size fraction >355µm,
from 1 up to 3 consecutive samples. For one date, additional specimens from the size fraction
250-355 µm were used. For the sample at 21 cm depth, this procedure did not provide enough
material for AMS 14C analysis, and specimens of other planktonic foraminifera species (G.
bulloides, G. ruber, and N. dutertrei) were added (Table 2.1). The AMS measurements were
performed in the R.J. van de Graaff laboratory in Utrecht. The 14C ages were calibrated to
calendar ages using the program Calib5 [Stuiver and Reimer, 1993], version 5.0, taking into
account a reservoir age of 600 years [Southon et al., 2002; Staubwasser et al., 2002; von Rad et
al., 1999].
The age/depth relationship using the age control points in Fig. 2.2 shows one reversal, at 166.5
cm depth. At this depth the abundance of G. menardii is low (Fig. 2.3). The 14C age of this sample
corresponds roughly with that of the adjacent G. menardii abundance peak (at 13.5 ka BP). We
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Fig. 2.2 The Core NIOP929 δ18O record of the planktonic foraminifera species G. ruber plotted
against depth. Depicted are also the age points (calibrated to calendar age) on which the age model
was based. This age model was constructed by linearly interpolating between these tie points.
Asterisks indicate age points that were not used in the age model; see text for discussion.
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Age control 
points
(cal years BP)
depth (cm)
Depth  
(cm bsf) 
No of 
lumped 
samples 
14C age error (1?) species size 
fraction 
cal. age 
(a BP) 
21.0-22.5 3 1952 42 mixed planktona 250?m+ 1292 
50.5-51.5 2 5550 46 G. menardii 250?m+ 5699 
76.5-77.0 1 8560 50 G. menardii 355?m+ 8929 
82.0-82.5 1 9249 51 G. menardii 355?m+ 9737 
110.5-111.0 1 10708 52 G. menardii 355?m+ 11651 
125.0-125.5 1 12270 57 G. menardii 355?m+ 13508 
166.5-167.0 1 11813 57 G. menardii 355?m+ 13101 
180.0-180.5 1 15620 70 mixed planktona 250?m+ 18313 
210.5-211.0 1 17380 85 G. menardii 355?m+ 19920 
a
: Mixed plankton: G. menardii, G. bulloides, G. ruber, N. dutertrei 
 
Table 2.1 14C ages of Core NIOP929
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therefore assume that the specimens of G. menardii present in this sample were bioturbated down
from this level, leading to an underestimation of the age of this sample. A similarly low abundance
of G. menardii occurred at 110.5 cm depth. Both dates were not incorporated into the age model
(Figs. 2.2 and 2.3).
2.3.3 Material and Methods
The 16.15 m long Core NIOP929 covers the last 240 ka, having an average sedimentation rate of
15 cm/ka [Ivanova, 1999]. The coring location was on a local high, minimizing potential effects
on the sediment record by lateral sediment advection/redeposition. Previous workers sampled the
core at a 10 to 5 cm sample resolution, to reveal the long term evolution of δ18O and δ13C in
several species of planktonic foraminifera (G. bulloides, G. ruber and N. dutertrei), faunal
assemblages, Corg, fragmentation index [Ivanova, 1999] and U
k’
37, [Rostek et al., 1997]. For this
study, sediment sections covering the last 20 ka, i.e. the upper 210 cm of Core NIOP929, were
continuously sampled at 0.5 cm resolution (Fig. 2.2). The sampled interval has an average
sedimentation rate of ~10 cm/ka. Hence, the 0.5 cm sampling results in an average time resolution
of ~50 years.
The sample slices were freeze-dried and wet-sieved over a 63 µm sieve. Fifty tests of G. ruber
were picked from the 250-355 µm fraction. Twenty specimens of G. ruber were used for Mg/Ca
measurements, and 30 for stable isotope measurements. Occasionally, samples did not contain 50
specimens of G. ruber, and isotopic measurements were performed on less than 30 (down to 10)
specimens. For stable isotope measurements, the tests were crushed, and ~30µg was taken from
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Fig. 2.3 Percentages of G. menardii against depth in Core NIOP929. Note the low values of G.
menardii at 110.5 and 166.5 cm depth. The anomalously young age of the sample at 166.5 cm might
be due to contamination with specimens from a shallower depth. The age of the sample at 110.5 cm
is not anomalous, yet the low abundance of G. menardii at that level, and the high abundances at the
adjacent level are a cause for suspicion.
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the homogenized sample and measured on a Finnigan MAT252 equipped with a Kiel device. The
internal error (1σ) of the mass spectrometer is 0.07‰ for δ18O. All isotope measurements were
performed in the Institute of Earth Sciences at the Vrije Universiteit Amsterdam.
The Mg/Ca measurements were mostly performed at 1 cm sample spacing. Occasionally, analyses
from variably spaced samples (sample spacing between 0.5 and 3 cm) were used. For the Mg/Ca
measurements 20 tests of G. ruber were gently crushed between glass plates, and subjected to a
cleaning process designed to remove clay and organic matter [Barker et al., 2003]. In addition,
the samples were centrifuged for 5 min at 5000 rpm after dissolution in 350 µl HNO3, in order to
settle any remaining small silicate particles. After centrifuging, the samples were transferred to a
clean vial, leaving behind 50 µl containing any remaining residue. The measurements were
performed at the Department of Earth Sciences at Cambridge University on a Varian Vista AX [de
Villiers et al., 2002]. The effectiveness of cleaning was monitored by  measuring Al/Ca, Fe/Ca,
Mn/Ca and Ti/Ca simultaneously with Mg/Ca. Mg/Ca ratios were converted to temperature
estimates using the equation by Anand et al. [2003].
2.3.4 Evaluation of the Mg/Ca measurements
Mg/Ca ratios in foraminiferal tests can be affected by dissolution [Brown and Elderfield, 1996;
Elderfield and Ganssen, 2000; Rosenthal and Lohmann, 2002; Rosenthal et al., 2000]. The
robustness of the temperature reconstruction using the Core NIOP929 Mg/Ca data was evaluated
using two dissolution proxies (Fig. 2.4), viz. average shell weight, and fragmentation. To obtain a
narrow size range for the average shell weight, the 250-355 µm size fraction of the G. ruber
samples was sieved over a 300 µm sieve. The 250-300 µm fraction was counted and weighed on
a Sartorius microbalance (micro M 3 P) with a precision of <1µg. The resultant test weight
represents an average value for a population of on average 34 tests. After weighing, the 250-300
ìm and 300-355 ìm fractions were recombined.
Low-resolution foraminiferal fragmentation data were available from Ivanova [1999] (Fig. 2.4).
Fragmentation depends on various factors [Barker and Elderfield, 2002; Bijma et al., 2002;
Broecker and Clark, 2001a; Broecker and Clark, 2001b; Conan et al., 2002; Lohmann, 1995],
yet can be used as an indication of dissolution [de Villiers, 2003]. The shell weight and
fragmentation records show a general similarity. We took the conspicuous shift towards higher
percentages of fragments at 9.7 ka BP, corroborated by the concomitant trend toward lower shell
weights with decreasing depth, as indicative for increased dissolution (Fig. 2.4). Mg/Ca based
SST estimates from the interval with a higher percentage of fragments are considered less reliable.
Application of the correction equation of Rosenthal and Lohmann [2002] suggests that the
possible dissolution related error in the upper 10.000 years of the record ranges from 0.4ºC to
2.3ºC with an average of 1.3ºC.
2.4. Results
2.4.1 The δ18O record
The δ18O record of Core NIOP929 (Fig.2.5) covers the time interval 20 ka BP (Last Glacial
Maximum) [Mix et al., 2001] to 1 ka BP (late Holocene) on a decadal scale. The total range of
δ18O values is ~0.2‰ (LGM) to ~-2.2‰ (late Holocene), with average glacial and interglacial
values of 0.0‰ and -1.8‰, respectively. The record shows a highly variable LGM period,
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followed by the start of the deglaciation at 17.1 ka BP. The δ18O values steadily decrease to 8.0 ka
BP, apart from a reversal in the trend between 13.4 and 12.2 ka BP. From 8.0 ka BP onward the
record expresses a gentle trend toward lower values.
The long term trends in the oxygen isotope record are superimposed by centennial-scale low δ18O
events and rapid shifts (Fig. 2.5). A prominent δ18O minimum, with average amplitude of ~-0.4‰,
Fig.2.4 The Mg/Ca (SST) record of core NIOP929, plotted together with the percentage of
fragments [Ivanova, 1999] and weight per test. Mg/Ca to temperature conversion performed with
equation by Anand et al. [2003]. The grey area indicates the part of the core in which the percentage
of fragments stays below 50%. The remaining part of the plot might be affected by dissolution,
which might cause an offset in calculated SST of ~1ºC.
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occurs around 18.9 ka BP on a presumably fully glacial background. It is preceded by a short
(100 years) negative peak with similar amplitude, centred around 19.4 ka BP. A second 600 year
long δ18O minimum spike, with average amplitude of ~-0.3 ‰, is centred around 16.8 ka BP.
After the end of this low δ18O period, δ18O decreases gradually. The decrease is punctuated by a
brief positive excursion centred around 13.8 ka BP. Successively, the δ18O values gradually
increase by ~+0.2‰, followed by a sharp shift of -0.4‰ at 12.2 ka BP. After the deglaciation, a
sharp positive excursion occurs, at 9.5 ka BP (Fig. 2.5). This peak has a duration of ~700 years
with the initial +1‰ shift occurring in just over 200 years.
We compare our δ18O record with two previously published Arabian Sea δ18O records of G. ruber,
viz. those of Cores SO93-74KL (14º 19.26 N, 57º 20.82 E, water depth 3212 m) [Sirocko et al.,
1993] and SO90-93KL (23º 35.30 N, 64º 13.01 E, water depth 1802 m) [Schulz et al., 1998];
hereafter referred to as 74KL and 93KL. This comparison allows us to assess whether the
patterns seen in our record reflect local or regional climate variation, and provides a check for our
age model. As can be seen in Fig. 2.6, the patterns seen in the three records are largely
comparable. The similarity with 74KL is larger than with 93KL, which is as expected, due to the
greater proximity of 74KL. The two prominent periods of low δ18O at 19.4 and 16.8 ka BP can be
traced through all three records, indicating that these most likely are a regional feature.
2.4.2 The Mg/Ca temperature reconstruction
The Mg/Ca-based temperature record of Core NIOP929 displays a stepwise evolution across
Termination I (Fig. 2.5). The late glacial period between 20 and 17 ka BP displays high variability,
with a pronounced warming from 19.3 to 18.7 ka BP. At 17 ka BP SST rapidly rose to 24ºC and
subsequently decreased to 23.5ºC around 16 ka BP. A second stepwise temperature increase to
>24ºC occurred at 12.9 ka BP. Superimposed on these long-term changes, the record is highly
variable. The low δ18O event around 18.9 ka BP is concomitant with a warm event with average
amplitude of ~1ºC (maximum change 3.5ºC) that precedes the δ18O event by about 300 years. The
δ18O minimum around 16.8 ka BP is synchronous with a discrete warm period of ~1.5ºC higher
than background values. To simplify reference to this warm period, we will refer to it as Arabian
Sea warm event 1 (ASW1). We will refer to the 19.3-18.7 ka BP warm event as Arabian Sea
warm event 2 (ASW2). The SST values before and between these warm events are highly variable
(~2ºC); however, this variability is not mirrored in the δ18O record. We focus on the concomitant
δ18O and SST events as they are more robust. After ASW1 the variability in the record is reduced
to ~1ºC, with an average of 23.5ºC. The higher δ18O interval at 14 ka BP has no (cold)
counterpart in the SST record. An abrupt rise in average SST of 0.7ºC takes place at 12.9 ka BP,
which is within the period of rising δ18O seen in the oxygen records.
2.5. Discussion
2.5.1 The SST records of Core NIOP929 in a regional context
To evaluate the regional implications of the features in the Mg/Ca derived SST record of Core
NIOP929 within the Arabian Sea, the results are compared to SST records from Core 93KL from
the Pakistani margin, Core 74KL located off Oman, ODP Hole 723A off Oman (18º 05.10 N, 57º
61 E, water depth 808 m) [Naidu and Malmgren, 2005] and Core MD77194 off the tip of India
(10º 28 N, 75º 14 E, water depth 1222 m) [Cayre and Bard, 1999; Duplessy et al., 1981;
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Sonzogni et al., 1998]. The SST records of these cores are based on different proxies than Mg/
Ca, which is not ideal for comparison; other Mg/Ca SST records, however, are not available to
date. In our comparison we use both annual average and seasonal SSTs. For Core NIOP929 we
give two proxy records that represent annual average SST: Uk’37 SST and Mg/Ca SST of G. ruber.
Uk’37 is generally assumed to be an annual average SST proxy [Bijma et al., 2001; Budziak et al.,
2000; Herbert, 2001; Herbert et al., 1998; Nürnberg et al., 2000; Sachs et al., 2000; Sonzogni et
al., 1997a; Sonzogni et al., 1997b; Volkman, 2000], and with roughly equal fluxes of G. ruber
calcifying in summer and winter in the Arabian Sea [Conan and Brummer, 2000; Curry et al.,
1992], the Mg/Ca SST proxy can also be considered an annual average SST proxy. The 74KL
seasonal SST records (summer and winter SST) are based on a transfer function using planktonic
foraminiferal assemblages [Schulz et al., 1995]. Various SST records exist of Core MD77194: a
Uk’37 based SST record [Sonzogni et al., 1998], and modern analogue technique (MAT) based
summer/winter SST records [Cayre and Bard, 1999]. The SST records (summer and winter) of
Core 723A are based on artificial neural network (ANN) processing of foraminiferal assemblages.
Fig. 2.5 Core NIOP929 δ18O record, and Mg/Ca based temperature estimate of G. ruber. Grey lines
superimposed on curves give average values over the time interval they cover. Notice that the part of
the Mg/Ca SST record younger than 9.7 ka BP (see Fig. 2.4) was not used in calculations of the
average. Grey vertical lines indicate warm events Arabian Sea Warm event 1 and 2 (ASW1 and
ASW2).
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Fig. 2.6 a: δ18O records (G. ruber) from the Arabian Sea. Data of Core 74KL reproduced from
Sirocko et al. [1993]. Data of Core 93KL reproduced from Schulz et al. [1998]. All data plotted on
their individual age scales. Grey bars indicate correlation tiepoints. White headed arrows are 14C
AMS dates of Core 74KL, grey headed arrows are 14C AMS dates of Core NIOP929. b: The δ18O
records of 74KL and 93KL tuned to the δ18O record of Core NIOP929, according to the tie points in
a. For improved visibility the record of Core NIOP929 was first filtered to exclude frequencies
higher than 1/500 years.
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The Arabian Sea SST records, shown in Fig. 2.7, show large variability; partly this could be due
to the fact that the records are based on different proxies. The amplitude of the possible
differences between various methods is illustrated in the SST records of Cores NIOP929 and
MD77194, which both combine Uk’37 palaeothermometry and an additional method. Partly, the
discrepancies could point to markedly different SST evolutions through the Arabian Sea basin.
The records are taken from widely varying monsoon provinces, and it is expected that this has
resulted in very different local overprinting of the regional SST pattern. There are some
similarities however: the glacial-interglacial SST contrast in all shown records is 2 to 3ºC, and
most records place the late glacial initial warming in the Arabian Sea at ~19 ka BP. In Core
NIOP929 the onset of deglacial warming could be placed at two events in the Mg/Ca SST record.
A conservative approach would place the onset at 17 ka BP, the base of ASW1, as at this level a
temperature increase initiates persistent change toward Holocene temperatures. However, the
temperature rise at 19 ka BP, at the base of ASW2, can also be seen as the onset of deglacial
warming. Average SST before this increase is lower than in the period between the ASW1 and
ASW2. The period predating ASW2 covered by the record is very short, and its average SST is of
limited significance. We therefore cannot conclusively assign a date to the onset of the deglacial
warming in Core NIOP929; the most conservative estimate however is 17 ka BP. This is
contemporaneous with the North Atlantic cold period associated with Heinrich event 1 [Bond et
al., 1993; Heinrich, 1988], which, by different authors, is placed between 18.1 and 14.6 ka BP
[Elliot et al., 1998; Grousset et al., 2001; Vidal et al., 1997; Voelker et al., 2000]. Hole 723A
differs with regard to the early deglacial warming. Whereas the summer SSTs at this site also
show an early warming, the winter SST rise occurred around 14 ka BP. This finding implies that
the seasonal aspect of temperature change in the Arabian Sea is crucial in order to be able to fully
assess the processes controlling climate change in the region. In Hole 723A, warm winter SSTs
are approximately synchronous with ASW1 and ASW2, which corroborates the regional extent of
these warm events. This was already indicated by the appearance of comparable low δ18O events
in the records of Fig. 2.6.
In the SST records of Cores MD77194 and 74KL comparable warm events are not seen; the
former is located far from the other cores and may well lie outside the regional extent of the
event. This is also possible for the latter, although its proximity to Core NIOP929 increases the
probability of an explanation in the difference between the used proxies.
The maximum Mg/Ca SSTs in the period 13-10 ka BP in Core NIOP929 are corroborated by the
Uk’37 SSTs, which show a similar maximum. The SST records from the other cores however show
either constant or lower SSTs in this period, indicating that this warm phase as seen in Core
NIOP929 is most likely a local phenomenon, although it may also depend on the proxy used. The
common early onset and amplitude of the glacial-interglacial temperature rise in all records shown
indicate that, in these aspects, the (semi-)global climate evolution dominates Arabian Sea SST.
2.5.2 Rapid SST changes in the Arabian Sea
The SST evolution of the Arabian Sea can be seen as interplay of monsoon influences and
regional hydrography. With the use of the δ18O and Mg/Ca SST records of Core NIOP929 and
previously published records we try to unravel this evolution. The δ18O and Mg/Ca SST records
of Core NIOP929 register three major warm(ing) events. These are the warm pulses ASW1 and
ASW2, found in both δ18O and Mg/Ca SST, and the warming at 12.9 ka BP, found only in the
Mg/Ca SST record.
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There are a few potential scenarios that could explain the observed rapid temperature changes in
the Arabian Sea. The first scenario invokes a variation in the monsoon-induced upwelling. During
the last glacial, the SW monsoon, and therefore upwelling, was not entirely terminated [Anderson
and Prell, 1993; Ivanova, 1999; Jung et al., 2002]. Consequently, variations in strength of the
summer SW monsoon could have led to temperature variations, recorded both during glacial and
interglacial periods. An increase in temperature of the upwelled water, due to a different (possibly
shallower) provenance, or a somehow enhanced incorporation of warm ambient surface water in
the upwelling cells could also have caused temperature shifts.
Palaeoproductivity records document when upwelling intensity, and thus SW monsoon strength,
may have changed: thus, we plotted our SST record against organic carbon content (%TOC) of
Core NIOP929 and two other Arabian Sea cores: SO93-111KL (23º 05.80 N, 66º 29.02 E, water
depth 775 m) and SO93-136KL (23º 07.34 N, 66º 29.83 E, water depth 568 m) [Schulz et al.,
1998] (Fig. 2.8). This exercise provides some clues concerning upwelling variability resulting in
SST changes. The same millennial scale productivity patterns are seen in the northern and western
Arabian Sea, with lowest values around 16 and 12 ka BP. In these low productivity periods SSTs
are relatively high, suggesting a negative correlation. These patterns could be explained by
upwelling variability at the millennial scale, and assuming that NE monsoon cooling played only a
minor role. The Hole 723A seasonal SST record supports reduced upwelling as an explanation for
ASW2, as it displays a warm summer SST event synchronous with ASW2. Hole 723A is also
located in an upwelling area, and reduced upwelling would logically result in higher summer SSTs
at this location. This upwelling scenario is not ubiquitously applicable as an explanation for SST
changes however; ASW2 is concomitant with a period of high TOC content, and thus high
productivity. Another argument against upwelling variability as an explanation for ASW1 and
ASW2 concerns the similarity in the δ18O records of sediment Cores NIOP929, 74KL and 93KL.
Fig. 2.6 shows that the δ18O minima at the times of ASW1 and ASW2 are recorded in all three
cores, whilst Core 93KL is located outside the main upwelling areas; hence, the δ18O variations at
this site cannot be explained by SW monsoon induced changes in the surface ocean. Additionally,
several authors [Naidu and Malmgren, 1995; Overpeck et al., 1996] mention a SW monsoon
increase, and not a decrease, around 13 ka BP. Altogether, there are arguments both for and
against reduced upwelling as an explanation for all three warmings individually.
Another scenario concerns fluctuations in the NE monsoon. In glacial times the NE monsoon was
invigorated, and therefore probably exerted a larger influence on Arabian Sea SST than during
interglacial time periods [Duplessy, 1982; Fontugne and Duplessy, 1986; Prell and Campo,
1986]. Assuming a stronger impact of the glacial NE monsoon on the sea surface temperature
history on a basin scale, NE monsoon variability during the deglaciation would have caused SST
Fig. 2.7 (Opposite page)  (Seasonal) SST comparison of Core NIOP929 [Rostek et al., 1993, and
this study], Core 74KL [Schulz, 1995], Hole 723A [Naidu and Malmgren, 2005] and Core
MD77194 [Cayre and Bard, 1999]. Used proxy indicated on the plot. The Uk’37 SST of Core
MD77194 was calculated using the equation of Sonzogni et al. [1997a]. Grey vertical bars highlight
the warm pulses ASW1 & 2 in the Core NIOP929 record, and the approximate period of the Younger
Dryas (YD). Notice that the warm events seen in the Core NIOP929 record are present in the Hole
723A record as well, most conspicuously in the winter SST. Vertical arrows, and grey pins on the
horizontal axis, denote the onset of deglacial warming in all records and their projection on the time
axis, respectively. Sum = summer, win = winter, ann av = annual average.
Chapter 2: western Arabian SSTs during the last deglaciation
66
changes of higher amplitude than nowadays seen in the western Arabian Sea. Winter SST in Hole
723A displays a warming during ASW1, which supports a causal relationship of at least ASW1
with the NE monsoon. An argument against NE monsoon variability causing ASW1 and ASW2 is
equivalent to that which pleads against SW monsoon variability: the comparable magnitude of the
events in cores from very different (monsoonal) provenances.
Fig. 2.8 The NIOP929 SST records compared with the %TOC records of NIOP929 [Ivanova,
1999], 111KL and 136KL [Schulz et al., 1998]. For increased visibility the %TOC record of Core
NIOP929 was plotted on a different vertical scale. Notice that periods of low organic content tend to
coincide with periods of high SST. Grey bars indicate ASW1 and ASW2.
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Another argument that pleads against reduced NE monsoon as the cause for ASW1 is that this
warming is contemporaneous with Heinrich event 1. Several authors have argued that during this
period, the NE monsoon was invigorated [de Garidel-Thoron et al., 2001; Ivanova, 1999; Schulz,
2002], which would result in surface cooling; yet, the opposite is found. Altogether, it is possible
that NE monsoon variability did contribute to the warmings seen in the NIOP929 records; it is,
however, not likely it was a major factor.
A third possibility is a change in water/heat advection in the Indian Ocean. The South Equatorial
Current (SEC) flows westward towards Madagascar [Schott et al., 2002] where it splits into a
northern and southern branch. The northern branch, the Northeast Madagascar Current (NEMC),
merges with the East African Coast Current, bringing warm water into the Arabian Sea. An
increase in this influx, possibly related to invigorated trade wind strength, may have caused the
SST rises seen in the Core NIOP929 records.
A strengthening of the trade winds in the last glacial, as inferred by Bush and Philander [1998]
would increase the influx of warm water toward the Arabian Sea [Jung et al., 2004], which could
explain rapid SST variations. As trade winds affect both the Indo-Pacific Warm Pool (IPWP) and
the Arabian Sea, assuming a prominent role for this phenomenon in determining SST would
indirectly imply some similarity in SST evolution of both basins. Interestingly, IPWP SSTs, just as
Core NIOP929 SSTs, started to rise early from glacial minimum levels: at ~20ka BP [Rosenthal et
al., 2003] and ~19 ka BP [Visser et al., 2003]. All mentioned records reach interglacial SST levels
around 11 ka BP. Kim and Schneider [2003] indicate strong trade winds in the late glacial period,
which would corroborate a trade wind related cause for ASW1 and ASW2. Koutavas et al.
[2002], however, suggest the opposite. As none of the other Arabian Sea SST records (Fig. 2.7)
shows a warming in this period, a large scale phenomenon such as increased warm water
advection is a less likely explanation for this 13 ka BP warming; however, the discrepancy
between Core NIOP929 and the other cores could also be due to the use of different proxies.
Summarizing, we cannot conclusively assign a specific scenario to any of the warmings we
discussed. A single Mg/Ca based SST record is insufficient for unravelling the complex SST
history of the Arabian Sea, in which most likely all the mentioned scenarios for rapid SST change
operate simultaneously.
2.6. Conclusions
In this study we present a new high-resolution δ18O and Mg/Ca records from Core NIOP929 from
the Arabian Sea off Oman, leading to four main conclusions:
1) The NIOP929 SST record shows an early onset of the temperature rise associated with
Termination I, which could be placed at either 19 or 17 ka BP. This early warming is in
line with data from several other Arabian Sea SST records that show an onset at ~19 ka
BP.
2) The δ18O record depicts two short-term minimum spikes, at 17 and 19 ka BP. Based on a
comparison with previously published time series on a SW-NE transect across the Arabian
Sea, these events may be a basin wide phenomenon. The δ18O minima are mirrored by
maxima in the Mg/Ca temperature record. We refer to these warm periods as Arabian Sea
warm event (ASW) 1 and 2, respectively. A combined assessment of δ18O and Mg/Ca
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temperatures suggests that the most likely cause for these warmings is a combination of
monsoon variations and fluctuations in trade wind induced advection of equatorial warm
water.
3) ASW1 is, within limitations of the age model, synchronous with the (cold) northern
hemisphere Heinrich event 1.
4) The Core NIOP929 temperature record implies a stepwise warming of roughly 2°C during
the glacial- Holocene transition. Roughly 75% of this increase is reached before 15 ka BP.
These findings are corroborated by similar values in other Arabian Sea SST records.
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Sea surface temperatures during the SW and
NE monsoon seasons in the western Arabian
Sea over the past 20,000 years
M. H. Saher, F. J.C. Peeters, and D. Kroon
3.1. Abstract
The western Arabian Sea is influenced by the seasonal southwest and northeast monsoon wind
systems. In the modern day, SW monsoon induced upwelling of cold water leads to lowest SSTs
in summer, while in glacial periods, weakened upwelling and increased cooling by NE monsoon
winds may have resulted in lowest SST in winter. In order to reconstruct the western Arabian Sea
seasonal sea surface temperature (SST) evolution during the monsoons over the past 20,000
years, a novel proxy is used that captures the contrast in seasonal SSTs. The presented proxy
concerns the difference in δ18O between two shallow dwelling species of planktonic foraminifera:
G. ruber, which calcifies throughout the year, and G. bulloides, which mainly calcifies during SW
monsoon driven upwelling. We convert this δ18O difference to the difference in calcification
temperature (∆Tcrub-bul), and use it in combination with Mg/Ca derived temperatures to reconstruct
seasonal SSTs. We present the monsoon evolution record of Core NIOP929, located NW of the
island of Socotra. Based on our results we distinguish three distinct modes. I) A glacial monsoon
mode (20-13 ka BP) characterized by weakly negative ∆Tcrub-bul values, and SW monsoon SSTs
(TSW) that are ~2ºC higher than NE monsoon SSTs (TNE). This pattern is indicative for a weak
SW monsoon and stronger cooling by glacial NE monsoon winds as compared to the modern
situation. II) A transitional mode (13-8 ka BP) characterized by ∆Tcrub-bul values around 0, and
thus a reduced difference between TSW and TNE. III) The modern monsoon mode, which started at
8 ka BP with the main shift toward low summer SSTs and high winter SSTs. The modern mode is
characterized by ∆Tcrub-bul values around +4ºC, indicative of a strong SW monsoon associated with
strong upwelling, and weak influence of the NE monsoon on SST. We propose that measuring
Mg/Ca on both species will improve the accuracy of the SST estimates.
This manuscript has been accepted for publication in Palaeogeography, Palaeoclimatology,
Palaeoecology. doi: 10.1016/j.palaeo.2007.01.014
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3.2. Introduction
The Arabian Sea is under the influence of the Indian (also known as the west Asian) monsoon
system [Brock et al., 1992; Fischer et al., 1996; Peeters et al., 2002; Schott and McCreary, 2001;
Smith, 2001]. Differential heating of the ocean waters and continental land masses results in a
seasonally reversing wind direction. In boreal summer, the low-pressure cell over Tibet causes the
intertropical convergence zone (ITCZ) to shift northward, and induces a strong southwest
monsoon. Ekman transport caused by these southwestern winds induces upwelling of cold water,
thereby lowering the summer sea surface temperature (SST). In winter, the ITCZ shifts
southward, and the surface waters of the Arabian Sea are cooled by the winds of the northeast
monsoon. Much previous work on the reconstruction of the west Asian monsoon system has
focused on productivity proxies that are strongly related to upwelling intensity and hence mirror
variability in mainly summer monsoon strength, such as the relative abundance of the upwelling
planktonic foraminifer species Globigerina bulloides [Anderson and Prell, 1993; Gupta et al.,
2003], total foraminiferal flux, δ18O [Prell et al., 1992], δ15N [Altabet et al., 1995; Ivanochko et
al., 2005], or on changes in the coccolithophore assemblage [Beaufort et al., 1997]. To capture
the summer-winter contrast in SST, however, proxy information is required which provides
information on the sea surface conditions of both monsoon seasons. Note that, for simplicity, we
use “summer” and “SW monsoon season” interchangeably in this text, and we do the same for
winter. There is evidence that such information is recorded in the fossil record of planktonic
foraminifera: sediment trap and plankton tow studies [Conan and Brummer, 2000; Curry et al.,
1992; Peeters and Brummer, 2002] reveal that the faunal composition changes seasonally. Most
importantly, in summer the cold and nutrient-rich upwelled water causes the cold water species G.
bulloides to abound, while in winter, vertical mixing results in an increased abundance of
Globigerina falconensis. The applicability of the relative abundance of G. falconensis as a
measure for winter mixing is reflected in its sea floor distribution pattern in the Arabian Sea,
which shows a maximum of more than 20% in the northeastern Arabian Sea, in the region of most
intense winter mixing, and a decreasing percentage in a southwestward direction, to 2-5% near
the upwelling area off Somalia [Schulz et al., 2002].
In this study we aim to address the western Arabian Sea seasonal sea surface temperature history
over the last glacial-interglacial cycle. We propose a novel approach, using Mg/Ca-derived
calcification temperatures in combination with the δ18O composition of shells of different species
of planktonic foraminifera. Ideally, the species G. bulloides and G. falconensis should be used to
capture the respective monsoon signals. Unfortunately, as explained above, the relative abundance
of G. falconensis is low in the western Arabian Sea. We thus have to rely on another species that
is sufficiently abundant in western Arabian Sea sediments of the last 20,000 years to provide
information on winter surface water conditions. The faunal record of the western Arabian Sea
shows that Globigerinoides ruber can be used for this purpose. This species proliferates in both
the summer and winter monsoon season and shows a relative abundance between 9 and 17%
[Conan and Brummer, 2000]. This species, like G. bulloides but unlike G. falconensis, is a mixed
layer dweller, which means we can deduce SSTs from the chemical properties of its shell.
We investigate how the isotopic composition of the species G. bulloides and G. ruber might be
used as a proxy for the SST contrast between the summer and winter monsoon seasons. We first
present and discuss our method, and then apply it to Core NIOP929 to reconstruct the western
Arabian Sea seasonal SST history for the late glacial to Holocene time span, on a millennial to
centennial resolution. We combine this seasonal SST contrast proxy with the Mg/Ca derived
calcification temperature record of G. ruber to calculate the SW and NE monsoon season SSTs. A
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somewhat similar attempt was made by Van den Berg et al. [2002], who used the δ18O of three
species of planktonic foraminifera. In the approach presented here, we use only two planktonic
species, in combination with the calcification temperature of one species. Measuring δ18O and Mg/
Ca of one species, combined with δ18O of a species with a different seasonal preference, provides
the minimal amount of proxy information to calculate seasonal SSTs. We propose that measuring
Mg/Ca on both species will improve the accuracy of the SST estimates.
3.3. Material and methods
3.3.1 Core NIOP929
Core NIOP929 was recovered during the 1992-1993 Netherlands Indian Ocean Programme
(NIOP) [van Hinte et al., 1995] in the western Arabian Sea (Fig. 3.1) (13º42,21N; 53º14,76E) at
a depth of 2490 m. The upper 210 cm of the 16.15 m long Core NIOP929 was cut into 0.5 cm
slices. Sample availability prevented sampling the topmost 21 cm of this core. The age model of
Core NIOP929 is based on nine AMS 14C dates (chapter 2, Table 2.1). The age model is obtained
by using linear interpolation between the 14C age control points, and is described in more detail in
chapter 2. The sampled interval has an average sedimentation rate of 10 cm/ka. Hence, the 0.5 cm
sample spacing results in an average temporal resolution of 50 years (Fig. 3.2).
3.3.2 Stable isotopes
Thirty tests of G. ruber and G. bulloides, respectively, from the 250-355 µm fraction were used
for stable isotope measurements. The tests were crushed, and ~50 µg was used for a single
measurement. The stable isotope measurements were performed on a Finnigan MAT252 equipped
with a Kiel device. All isotope measurements were performed at the Institute of Earth Sciences at
the Vrije Universiteit, Amsterdam. The external reproducibility of the δ18O measurements is
0.07‰ (1σ). For a complete description of the methods used, see chapter 2.
SWM
NEM
Upwelling
NIOP929
MST8
MST9
WAST
Fig. 3.1 Map of the Indian Ocean showing the
location of Core NIOP929 and sediment traps
MST8, MST9 [Conan and Brummer, 2000] and
WAST [Nair et al., 1989; Curry et al., 1992].
Arrows represent the approximate trajectories of
the SW and NE monsoon (SWM and NEM,
respectively). SW monsoon season upwelling areas
(grey) off Somalia, Yemen and Oman are indicated
in a sketchlike manner.
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3.3.3 Mg/Ca
The Mg/Ca record (Fig. 3.2) has a 1 cm sample spacing (every 2nd sample measured) over most of
the record, with a total range between 0.5 and 3 cm, except in the late Holocene section where
availability of foraminifera tests dictated sample spacing. For the Mg/Ca measurements 20
specimens of G. ruber were used. The samples were prepared using the method described in
Barker et al. [2003], with additional centrifuging for 5 minutes at 5000 rpm after dissolution in
350 µl 0.075M HNO3. The measurements were performed at the Department of Earth Sciences of
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Fig. 3.2 The proxy data of Core NIOP929 plotted against depth. a: δ18O of G. ruber. b: δ18O of G.
bulloides. c: the Mg/Ca ratio of G. ruber. d: the depth-age relationship of the given interval. At the
base of the figure the 14C age calibration points are depicted (calibrated to calendar age) on which
the age model was based. Asterisks indicate age calibration points that were not considered. For a
more detailed discussion see chapter 2.
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Cambridge University on a Varian Vista AX, as described in de Villiers et al. [2002]. The Mg/Ca
ratios were converted to calcification temperatures using the equation for G. ruber (white) 250-
355µm by Anand et al. [2003]: Mg/Ca = 0.34 exp(0.102*SST). The standard deviation of the
residuals is 0.73 (1σ) using measurements from this size fraction (Anand, written comm., 2006).
Possible effects of dissolution are discussed in chapter 2. In calculating modern annual average
(flux weighted) calcification temperatures, we used the foraminifera flux data of Curry et al.
[1992], Nair et al. [1989] and Conan and Brummer [2000].
3.4. Quantification of the seasonal temperature contrast
3.4.1 Calculation of δ18Ow, ∆Tcrub-bul and Tcbul
We are interested in obtaining seasonal SSTs, since this approach may provide a comprehensive
view on monsoon evolution. The available data comprise the oxygen isotope composition of G.
ruber and G. bulloides, and an independent Mg/Ca derived SST estimate. The Mg/Ca derived
temperature of G. ruber reflects a flux weighted average calcification temperature of G. ruber
(Tcrub) over the time interval covered by each sample. From δ18O and Mg/Ca data we calculate the
average isotopic composition of the ambient sea water (δ18Ow), the difference in δ18O of G. ruber
and G. bulloides (∆δ18Orub-bul), and use this to calculate ∆Tcrub-bul and the calcification temperature
of G. bulloides (Tcbul). For calculating δ18Ow, we use the (adapted) formula of Kim and O’Neil
[1997]:
Note that, in this equation, we corrected δ18Orub by 0.5‰ to account for the disequilibrium of δ18O
of G. ruber with respect to the Kim and O’Neil [1997] temperature equation [Peeters et al.,
2002].
∆Tcrub-bul is the difference between the recorded calcification temperatures of both species, which
is proportional to the difference in δ18Orub and δ18Obul. In general, temperature equations indicate
that an increase of 1ºC results in a δ18O decrease of 0.22‰. For an overview of this topic, we
refer to Bemis et al. [1998], Epstein et al. [1953] and Erez and Luz [1983] We can therefore
deduce:
Tcbul can be calculated from Tcrub  and ∆Tcrub-bul:
(eq. 2)
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3.4.2 Calculation of T’SW and T’NE
We consider the temperature documented in the chemical composition of G. ruber to be the result
of the flux weighted average of the two seasonal temperatures, viz. the average ambient sea water
temperatures during the SW monsoon season (T’SW) and the NE monsoon season (T’NE). We
assume zero flux of G. ruber and G. bulloides in the intermonsoon periods, based on sediment
trap data [Conan and Brummer, 2000; Curry et al., 1992]. Given r representing the fraction of
the G. ruber population that calcified in summer, we can write:
This can also be written as:
For G. bulloides we derive a similar type of equation, in which b is the fraction of the population
that calcified in the summer monsoon season, and 1-b is the fraction that calcified during the
winter monsoon:
Since sediment trap and plankton tow data indicate that G. bulloides predominantly grows during
the SW monsoon upwelling period, b is close to 1. With b = 1, T’SW becomes equal to Tcbul.
Subtracting equations 4 and 6 results in:
Combining equations 2 and 7, we get:
We then combine equations 5 and 8:
(eq. 7)
(eq. 8)
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Rewriting this produces the following equation for T’SW:
The value for T’SW thus acquired is then introduced into equation 5, which results in a value for
T’NE.
It is noted that the calcification temperatures of G. ruber and G. bulloides (Tcrub and Tcbul), and
therefore also T’SW and T’NE, are 1.3ºC to 1.7ºC lower than sea surface temperature [Peeters et
al., 2002]. The accuracy of these numbers is supernumerary in regard of the uncertainty in the
method here presented, and therefore we correct with the average value of +1.5ºC.
(eq. 10)
(eq. 11)
(eq. 12)
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0-1 ka - - - - - - - - - - - - - - 
1-2 ka - - - - - - - 11 -1.89 0.17 -1.52 0.20 1.67 0.76 
2-3 ka - - - - - - - 13 -1.86 0.14 -1.45 0.10 1.86 0.48 
3-4 ka 4 23.7 0.41 0.8 21.6 0.61 1.0 13 -1.84 0.12 -1.49 0.10 1.58 0.46 
4-5 ka 5 23.5 0.37 0.7 22.0 0.76 1.0 13 -1.78 0.12 -1.43 0.11 1.57 0.48 
5-6 ka 4 23.2 0.16 0.7 22.5 0.37 0.9 14 -1.72 0.10 -1.47 0.10 1.16 0.41 
6-7 ka 6 24.0 0.50 0.7 22.9 0.78 0.9 16 -1.74 0.12 -1.50 0.11 1.10 0.43 
7-8 ka 7 23.6 0.33 0.6 22.4 0.68 0.8 16 -1.75 0.13 -1.49 0.11 1.18 0.45 
8-9 ka 7 23.7 0.64 0.7 23.9 2.14 1.7 16 -1.53 0.17 -1.55 0.24 -0.09 0.70 
9-10 ka 8 23.9 0.59 0.6 24.1 0.88 0.9 16 -1.26 0.23 -1.36 0.18 -0.41 0.68 
10-11 ka 11 24.4 0.40 0.5 24.7 1.17 0.9 23 -1.30 0.15 -1.35 0.22 -0.24 0.53 
11-12 ka 12 24.0 0.54 0.5 24.3 1.27 0.9 23 -1.08 0.20 -1.07 0.19 0.01 0.54 
12-13 ka 11 24.1 0.86 0.7 24.6 1.40 1.0 23 -0.78 0.14 -0.85 0.15 -0.32 0.43 
13-14 ka 7 23.4 0.48 0.6 24.3 1.09 1.0 23 -0.69 0.14 -0.86 0.15 -0.79 0.42 
14-15 ka 6 23.7 0.45 0.7 24.6 0.67 0.9 23 -0.55 0.17 -0.70 0.17 -0.71 0.48 
15-16 ka 6 23.5 0.53 0.7 23.9 0.60 0.8 22 -0.28 0.12 -0.44 0.12 -0.72 0.37 
16-17 ka 8 23.7 0.50 0.6 23.9 0.81 0.8 23 -0.27 0.17 -0.37 0.12 -0.47 0.43 
17-18 ka 12 22.9 0.96 0.7 23.8 1.25 0.9 23 -0.10 0.15 -0.24 0.13 -0.68 0.41 
18-19 ka 17 22.6 0.86 0.5 22.8 0.95 0.6 33 -0.18 0.23 -0.26 0.16 -0.37 0.46 
19-20 ka 17 22.1 0.89 0.5 23.0 1.18 0.7 36 -0.15 0.22 -0.25 0.12 -0.46 0.40 
 
Key: N: number of data points in given interval, Av.: average, rub: G. ruber, c.i.: confidence 
interval on the mean, bul: G. bulloides.  
 
Table 3.1 Summary of the error analysis of the calcification temperatures.
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Fig. 3.3 The calcification temperatures of G. ruber and G. bulloides and their difference. Included is
an overview of confidence interval analysis on calcification temperatures for 1000 year time slices.
a: the Mg/Ca derived calcification temperature estimates of G. ruber. b: the difference in calcification
temperature of G. ruber and G. bulloides calculated from the difference in δ18O. c: the calcification
temperature of G. bulloides, calculated from the records shown in panels a and b. The grey line in all
panels represents all data. In additions, in each panel 1000 year average estimates are given (boxes
with crosses inside) that are plotted versus the midpoint of each 1000 year interval. The error bars
represent the 95% confidence intervals on the mean temperature or, in panel b, the mean temperature
difference for the 1000 year intervals. In our calculation of the 95% confidence intervals, we have
included the error associated with the Mg/Ca temperature estimates of 0.73ºC (1σ), the long-term
external reproducibility of oxygen isotope measurements of 0.07‰ (1σ), equivalent to 0.32ºC, and
the error associated with the “within interval variability” of the measurements.
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3.4.3 Error analysis
In order to assess the validity of our results, we calculated the 95% confidence intervals for mean
calcification temperatures over 1000 year intervals (Fig. 3.3). The error in Mg/Ca derived mean
Tcrub depends only on the uncertainty of the regression (standard deviation of the residuals (1σ) =
0.73ºC) and the observed variability within the 1000 year interval. The 95% confidence interval of
the difference in calcification temperatures can be calculated by taking into account twice the
external reproducibility of the mass spectrometer for δ18O (1σ = 0.07‰), and the variability
within the intervals. As Tcbul is calculated from Tcrub and ∆δ18Orub-bul, both the errors in δ18O and
Mg/Ca as well as the variability within the interval have to be taken into account. The results are
summarized in Table 3.1. The uncertainty of the calculated seasonal SSTs depends on the validity
of the assumption that the past seasonal distribution of G. ruber and G. bulloides was similar to
the distribution today. Unfortunately, no data on the past seasonal distribution of these species is
available, and therefore we cannot provide an uncertainty estimate for the seasonal SST values. In
the discussion we elaborate on the sensitivity of the equations to changes in seasonal distribution.
3.4.4 Estimates of r and b based on modern seasonal distributions of G. ruber and G.
bulloides
Sediment trap data provide modern day seasonal distributions of G. bulloides and G. ruber. We
based our values of r and b on nearby sediment traps MST8B, MST9E [Conan and Brummer,
2000]  and WAST [Curry et al., 1992; Nair et al., 1989]. To calculate the fractions of the
population that calcify during the NE and SW monsoon seasons we need to first demarcate these
seasons. As the used traps represent different monsoon years and localities, the monsoon seasons
recorded in the three traps did not start and end on the same dates. It is therefore preferable to
define the monsoon seasons on the basis of foraminifera flux patterns. We then defined the
monsoon seasons as periods in which per day >1% of the total yearly flux is collected. For WAST,
which covers a 1.5 year period, this exercise results in values for r of 0.5 to 0.6, and for b of 0.8
to 0.9. Traps MST8B and MST9E, however, did not cover an entire monsoon cycle. We therefore
assumed that at the location of MST8B and MST9E, the NE monsoon season is restricted to the
months January, February and March, and extrapolated the foraminiferal flux to the end of this
period. Using the >1% threshold for delimiting the SW and NE monsoon season, results in a
value of 0.54 ±0.08 for r, and 0.91 ±0.06 for b. We get similar results, with a difference of 0.0 for
b and 0.0 to 0.1 for r, using fixed (JAS and JFM) seasons for the extrapolated series of MST8B
and MST9E. As we do not have constraints on the past seasonal distribution of the species we use
the modern values for our reconstructions. As a check on the sensitivity of the method we
evaluated the seasonal SST patterns calculated with different assumptions on seasonal
distribution. As we are aware of the possibility that G. bulloides was less restricted to the SW
monsoon season in the past than today, we calculated seasonal SST with a higher portion of the
G. bulloides population calcifying in winter. We arbitrarily chose to additionally calculate the
seasonal SSTs with a threefold increase of winter calcifying specimens of G. bulloides. Such a
threefold increase of the modern value of 9% to 27% translates to a value for b of 0.73.
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Fig. 3.4 The oxygen isotope records for G. ruber and G. bulloides of Core NIOP929, and the δ18Ow
and ∆δ18Orub-bul or ∆Tcrub-bul records that are derived form them. From top to bottom: δ18Orub, δ18Obul,
δ18Ow and the  ∆δ18Orub-bul or ∆Tcrub-bul  record (both vertical axes given), as calculated from δ18Orub
and δ18Obul. For clarity, the records in the lowest panel are plotted as raw data (grey) and filtered
data (black). Cutoff frequency of the filtered data is 1/500 years. In the ∆δ18Orub-bul / ∆Tcrub-bul  record
three periods are distinguished; I: mainly negative ∆Tcrub-bul  values, II: large amplitude oscillations
around 0, and III: mainly positive ∆Tcrub-bul  values. These periods are interpreted to reflect strong NE
monsoon and weak SW monsoon (I), a transitional period (II) and the modern system characterized
by weak NE monsoon and strong SW monsoon (III).
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3.5. Results
3.5.1 δ18O records
The oxygen isotope record of G. ruber (δ18Orub) ranges from +0.2‰ (LGM) to -2.2‰ (late
Holocene), with average glacial and interglacial values of 0.0 and -1.8‰, respectively (Fig. 3.2).
The glacial part of the Core NIOP929 record displays a distinct period of lower δ18Orub values at
19 ka BP. The deglaciation starts with a second period of low δ18Orub, and is interrupted by two
periods of increased values (14-13.5 ka BP and 13.5-12.2 ka BP). At 10 ka BP a pronounced
increase in δ18Orub occurs, after which it decreases until 8 ka BP, from which δ18Orub values are
relatively constant at ~-1.8‰.
The oxygen isotope composition of G. bulloides, δ18Obul, ranges from +0.1‰ (LGM) to -2.0
(early Holocene), with glacial and Holocene averages of +0.2‰ and -1.5‰, respectively (Fig.
3.2). The glacial period displays a period of light δ18Obul at 19 ka BP, and a second period of light
δ18Obul at the onset of the deglaciation, similar to those seen in the δ18Orub record. The gradual
deglacial δ18Obul decrease is interrupted by two periods of subtly increasing values around 15 and
12 ka BP, and ends at 10 ka BP. Similar to δ18Orub, the Holocene δ18Obul values are relatively
stable, with an average value of -1.5‰. The calculated δ18Ow record shows glacial values (Fig.
3.4) of on average +1.7‰ in the period 20 to 15 ka BP. At 15 ka BP the deglacial drop starts with
a pronounced decrease, ending at 8 ka BP. Holocene values after 8 ka BP are on average +0.3‰.
3.5.2 Calcification temperatures
The Mg/Ca derived Tcrub record shows a stepwise warming with several relapses (Figs. 3.2 and
3.3) from 20 ka BP to approximately 10 ka BP. Two centennial-scale warm periods, 19.3-18.7 ka
BP and 17.1-16.4 ka BP, are apparent. These have been named Arabian Sea warm event 1
(ASW1) and 2 (ASW2), respectively, and discussed in chapter 2. After 10 ka BP the values drop
faintly. Glacial values ranged between 22ºC and 23ºC (Fig. 3.3). During the deglaciation,
temperature initially rose to 24ºC and subsequently decreased to 23.5ºC around 16 ka BP. At 13
ka BP the record shows an increase to 24ºC. The associated confidence intervals (Fig. 3.3) imply
that most values are not statistically different from each other and are only valid at face value. The
low glacial temperatures and the high temperatures during the YD, however, are robust. The
warm YD seen in the records is discussed in detail in chapter 2.
∆Tcrub-bul (Fig. 3.4) mainly displays negative values (~-0.5ºC) in the glacial period and during the
first part of the deglaciation, followed by a transitional period commencing at about 13 ka BP, in
which ∆Tcrub-bul is ~0ºC. At 8 ka BP the transitional period ends with a pronounced shift toward
consistently positive values (~+1.5ºC). The Tcbul record (Fig. 3.3) has higher variability than Tcrub
(total range: 20ºC – 27.5ºC). Tcbul rises from average values of 22ºC in the late glacial to 24ºC at
15 ka BP. At 8 ka BP, Tcbul drops sharply to average values of 21.5ºC. The low glacial (20-18 ka
BP) and interglacial (8-3 ka BP) temperatures significantly differ from the higher values in
between.
3.5.3 Seasonal SSTs
The time series of TSW and TNE, which were smoothed (frequencies up to 1/500 years were filtered
out) for better visibility, are shown in Fig. 3.5. The main drop in summer SST and the main rise in
winter SST both take place around 8 ka BP. Before this shift, TNE displays another warming from
~24ºC to ~25ºC at 12.5 ka BP. At 8 ka BP, TNE rises from ~25ºC to ~28ºC.
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TSW also shows a warming trend from ~25ºC in the glacial part of the record (20-18 ka BP) to
~26ºC in the deglacial part (17-9 ka BP). At 8 ka BP, TSW drops from ~26ºC to ~24ºC.
Fig. 3.5 shows that if the assumed fraction of G. bulloides calcifying in winter is increased by
threefold (b = 0.73) compared to the modern day value, the total temperature range reconstructed
increases by approximately a factor 2, but the overall shape of the curves as described above
remains the same.
3.6. Discussion
3.6.1 Evaluation of the method
In this study we use the difference between δ18O of upwelling species G. bulloides (δ18Obul) and G.
ruber (δ18Orub), a species that nowadays calcifies throughout the year, as a proxy for seasonal
temperature contrast (∆δ18Orub-bul or ∆Tcrub-bul), and hence for monsoon intensity.
A strong and/or cold NE monsoon would shift the ∆Tcrub-bul values down, by cooling the winter
sea surface, and thereby lowering the temperature recorded in the specimens of G. ruber (Tcrub)
that calcify in winter. The strength and temperature of the NE monsoon winds would only
minimally influence the calcification temperature of G. bulloides (Tcbul). A strong SW monsoon
would lead to more vigorous upwelling, and thus lower Tcbul of the entire G. bulloides population,
and Tcrub of the specimens that calcify in summer. As such, an increase in SW monsoon strength
would shift the ∆Tcrub-bul values up.
High ∆Tcrub-bul values indicate a situation with strong (cold) summer upwelling and mild winters
(strong SW monsoon, weak NE monsoon), while less negative values might either indicate
weaker upwelling, or colder winters. Values around zero indicate a monsoonal mode with low
seasonal contrast, and negative values are indicative for a situation where summer upwelling was
weak, and winter SST was low (weak SW monsoon, strong NE monsoon).
3.6.2 Past seasonal distribution of G. ruber and G. bulloides
Based on the present day seasonal fluxes of G. ruber and G. bulloides, we assume in our approach
a constant seasonal distribution of the species used. It is likely, however, that the seasonal fluxes
have varied over time. The limiting factor for growth of G. bulloides is assumed to be food
availability [Mortyn and Charles, 2003]. As food is readily consumed in the surface waters,
upwelled waters provide the highest food availability in the western Arabian Sea. The
configuration of the Arabian Sea basin is such that Ekman transport due to SW monsoon winds,
rather than NE monsoon winds, results in considerable coastal upwelling. Holocene NE monsoon
winds are insufficiently strong to result in comparable eutrophia by means of deep winter mixing.
Therefore, it seems reasonable to assume that in the Holocene period G. bulloides calcified mainly
during the SW monsoon season. The seasonal distribution of food in the Arabian Sea in
(de)glacial times, however, is less well constrained. During the glacial period, low terrestrial
temperatures and a larger Tibetan ice sheet [Kuhle, 1998] may have resulted in stronger and
cooler NE monsoon winds. These could have resulted in stronger vertical mixing and concomitant
erosion of the nutricline during winter [Reichart et al., 1998]. As such, nutrient levels during the
NE monsoon season may have been higher compared to the modern day, and possibly high
enough for a thriving G. bulloides population. The glacial boundary conditions, however, would
not only have amplified the NE monsoon, but also weakened the SW monsoon. This means
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upwelling in glacial periods could be suppressed to such a degree that TSW is higher than TNE. If in
these periods G. ruber grew all year round, its annually averaged δ18O values would still be lower
than those of G. bulloides.
Low δ18O values in the tests of G. bulloides might point to higher temperatures of the upwelling
water. This would not impede G. bulloides; a study by Kroon and Ganssen [1989] indicates that
this species can grow in waters of up to 29.3ºC. Higher temperatures of the subsurface water may
explain negative values of ∆Tcrub-bul.
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Fig. 3.5 Reconstructed seasonal SSTs of Core NIOP929, calculated using modern day values for r
and b (b=0.91) and increased winter calcification of G. bulloides (b=0.73). Results are smoothed for
increased visibility. Horizontal lines are average seasonal SST over periods I, II and III calculated
with modern day seasonal distribution (b=0.91). Note that the seasonal SST data is not equally
spaced. Grey blocks and error bars give the 95% confidence intervals on these average values.
Seasonal SST calculated with b = 0.73, for which no confidence interval is given,  is provided as an
indication for the sensitivity of the method to changes in seasonal distribution. Note that the pattern
does not drastically change. Insolation curves for August and February are given as these months are
at the centre of the summer and winter monsoon seasons.
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3.6.3 Possible influence of factors other than temperature
Other factors beside SST changes could affect the δ18O of foraminifera tests, and the ∆δ18Orub-bul or
∆Tcrub-bul values derived from them. These are variability in carbonate ion concentration ([CO32-])
[Russell and Spero, 2000; Spero et al., 1997], and variability in δ18Ow, which is influenced by the
evaporation/precipitation (E-P) balance. Subtracting the isotopic composition of the two species
eliminates the inter-annual effect of δ18Ow. Intra-annual variations in δ18Ow, however, would affect
our inferences. Nowadays, δ18Ow in the western Arabian Sea is closely correlated with salinity (r2=
0.96; [Peeters, 2000]). In the western Arabian Sea, a typical intraseasonal difference in E-P driven
salinity of the upper ~100 m of water is 0.5 PSU [Peeters, 2000; van Hinte et al., 1995], with an
average value of 35.7 PSU in summer and 36.2 PSU in winter. This would lead to a δ18O
difference of ~0.1‰ (and a ∆Tcrub-bul change of ~0.5ºC) according to the relationships given by
Delaygue et al. [2001]: δ18O = 0.26 * S – 8.9, and by Jung et al. [2001]: δ18O = 0.20 * S – 6.9.
The salinity dominated difference in δ18O between the winter surface waters and the upwelling
waters from a depth of ~200 m has a similar magnitude [Peeters, 2000]. The influence on
∆δ18Orub-bul or ∆Tcrub-bul of δ18Ow therefore is small compared to that of the temperature differences
of several degrees Celsius that are routinely observed [e.g. Levitus et al., 1994] which result in
δ18O changes of over 1‰. However, we cannot constrain if these assumptions are valid over the
time period covered by our records.
The intra-annual variability in surface water [CO3
2-] in the western Arabian Sea may be as high as
100 µmolkg-1 [Peeters et al., 2002]. Assuming a modern seasonal distribution of the foraminifera,
this fluctuation would result in a change in ∆Tcrub-bul of ~0.5ºC, which is small compared to the
effect of the seasonal temperature changes. Furthermore, Peeters et al. [2002] deduced very
similar [CO3
2-] - δ18O relationships for G. bulloides (-0.0025‰ µmol-1kg-1) and G. ruber (-
0.0022‰ µmol-1kg-1), indicating that differential response of the two different species to [CO32-]
does not noticeably affect ∆δ18Orub-bul.
3.7. Monsoon evolution as derived from ∆Tcrub-bul
Based on the  record over the past 20,000 years, three distinct periods are identified (Fig. 3.4):
Period I, from the base of the record at 20 ka BP to 13 ka BP, in which ∆Tcrub-bul was consistently
negative, indicating summer SSTs were higher than winter SSTs. Period II, from 13 to 8 ka BP,
which is a transitional period in which ∆Tcrub-bul varied between -2ºC and +2ºC; and period III,
lasting from 8 ka BP to the top of the record, which displays consistently positive values for
∆Tcrub-bul. This indicates a modern monsoon system that is characterized by strong SW monsoon
winds and thus strong upwelling, and which has lowest SSTs in summer.
3.7.1 Period I (20-13 ka BP)
In glacial period I, low (summer) solar insolation (Berger [1978], Fig. 3.5) and the extensive ice
cover of the Tibetan Plateau [Kuhle, 1998] likely caused a weaker SW monsoon and stronger NE
monsoon than in the Holocene. This monsoonal mode, which is supported by previous studies,
[e.g. Anderson and Prell, 1993; Fontugne and Duplessy, 1986; Prell and Campo, 1986], would
result in the described summer-winter SST contrast.
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3.7.2 Period II (13-8 ka bP)
The increase of the SW monsoon signal in period II (Fig. 3.4) is also seen in ODP723 [Naidu and
Malmgren, 1996], which shows a sharp increase in upwelling indicators at 12 ka BP. The change
from period I to II is synchronous with a rise in Mg/Ca temperature (Fig. 3.4), which suggests the
deglaciation had progressed to such a degree that the winter monsoon was faltering, yet the
summer monsoon had not yet gained its full strength as observed in the late Holocene part of the
record. These findings are in line with studies by Overpeck et al. [1996] and Naidu and Malmgren
[2005]. The transitional monsoonal mode characterizing period II (13-8 ka BP) is also seen in
various terrestrial records from China [Zhou et al., 1996].
3.7.3 Period III (8-2 ka BP)
The pronounced shift at the boundary between period II and III (8 ka BP; Fig. 3.4) marks the
onset of the modern monsoon system in Core NIOP929. The shift occurred within a few
centuries, suggesting that a (climatic) threshold level may have been reached that allowed the
monsoon system to enter a different mode. The δ18O data of the individual species reveal that the
increase in δ18Obul preceded the 8 ka BP drop in δ18Orub and δ18Ow, which could point to upwelling
starting slightly earlier than the completion of deglacial continental ice melting.
The ∆Tcrub-bul record becomes increasingly positive in period III. Our data do not allow for a
distinction between the SW monsoon or the NE monsoon as the cause. Previous studies,
however, rather point to a weakening in NE monsoon strength [Bigg and Jiang, 1993] than to an
increase in SW monsoon. Conversely, the SW monsoon is reported to weaken in this period
[Naidu, 2004; Naidu and Malmgren, 1995; Overpeck et al., 1996]. The Holocene shift in ∆Tcrub-bul
could also represent a shift in seasonal abundance of G. ruber, with more specimens calcifying in
winter. This would increase the imprint of the summer-winter SST contrast on the ∆Tcrub-bul
record.
3.7.4 Comparison with previous work
A stepwise onset of the Holocene monsoon system has been previously described by several
authors [Morrill et al., 2003; Overpeck et al., 1996; Sirocko et al., 1993; Williams et al., 2006].
An increase in SW monsoon intensity at ~13 ka BP as seen in Core NIOP929 is also found in
Cores ODP723 [Naidu and Malmgren, 1996] and RC27 [Overpeck et al., 1996]. The pronounced
increase at 8 ka BP in Core NIOP929 is also found in 74KL [Sirocko et al., 1993] and several
records from continental Africa [Adamson et al., 1980; Ritchie and Haynes, 1987; Stager, 1988].
The variation in the number and timing of the steps may be explained by regional variations in
climatic or oceanographic conditions. The shift in the monsoon proxy records at 8 ka BP, after
which the monsoon intensity does not diminish, differs from the monsoon maximum at ~9 ka BP
found by several workers [Prell, 1984; Sirocko et al., 1993]. As the G. bulloides/G. ruber ratio in
Core NIOP929 [Ivanova, 1999] reaches maximum values at 9 ka BP (Fig. 3.5), this difference in
timing between the various records may also be due to a different response by the various proxies.
3.7.5 Seasonal SSTs
The seasonal SST records provide further insight into the temperatures that characterized the
three monsoon periods described above. In period I, winter SST was generally ~1.5ºC lower than
summer SST. This is indicative of a situation with stronger NE monsoon and weaker SW
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monsoon, which thus is not dominated by upwelling. In period II, summer and winter SST were
similar at 25 to 26ºC. The difference with period II is largely due to an increase in winter SST.
Surprisingly, winter insolation is at a minimum between these increases in TNE at 12.5 and 8 ka BP
(Fig. 3.5). The 8 ka BP shift coincides with a maximum in August insolation (Fig. 3.5). In period
III, the large difference between the high (27ºC) winter and low (24ºC) summer SSTs indicates a
modern day upwelling system.
The SW monsoon season SST is rather constant (at 26ºC) over a time period that covers the
entire deglaciation and part of the interglacial (15 to 9 ka BP). It is possible that the global rise in
temperature and the cooling effect of strengthened upwelling have cancelled each other out.
Increased (summer) solar insolation (Fig. 3.5) could have warmed both the land and ocean
surface. The higher heat capacity of the ocean could have resulted not only in the intra-annual but
also an inter-annual lagged response to the insolation increase. This increases the ocean-continent
pressure gradient, which in turn increases wind strength, and therefore upwelling. The
dissimilarity of the winter SST and winter insolation records may be an indication of winter
temperatures depending rather on glacial boundary conditions than on solar forcing. Winter SST
was more variable than summer SST, possibly due to seasonally dependent forcing, or the absence
of the previously described negative feedback mechanism. A similar pattern of stable summer
SSTs and warm events in the winter SSTs is also found in the deglacial part of Core ODP723,
located in the upwelling region off Oman [Naidu and Malmgren, 2005].
It is worth noting that all inferences from our calculations, taken at face value, are essentially
unaltered when a threefold increase in winter calcification of G. bulloides with respect to the
modern day is assumed. Fig. 3.5 shows that the absolute temperatures and temperature gradients
differ, but that the patterns through time are of similar shape. The method therefore appears not to
be too sensitive to changes of this magnitude in seasonal distribution.
The calculated SSTs should not be interpreted as the maximum seasonal SST contrast, as G.
bulloides has its highest flux at the end of the upwelling season, when the temperature of the
upwelled waters has already started to rise [Kroon and Ganssen, 1989; Peeters, 2000; Peeters et
al., 2002].
3.8. Conclusions
In this study we present new data from Core NIOP929 from the Arabian Sea off Oman, which we
have used in an attempt to reconstruct the seasonal SST history over the last 20 ka. From ä18O of
G. bulloides and G. ruber, and Mg/Ca of the latter, we inferred δ18Ow, ∆δ18Orub-bul, ∆Tcrub-bul and
Tcbul. The difference in ä
18O of upwelling species G. bulloides and G. ruber (∆δ18Orub-bul) can be
converted to the difference in calcification temperatures (∆Tcrub-bul), and is as such proposed as a
proxy for seasonal SST contrast. In combination with Mg/Ca derived SST it allows the
quantification of seasonal SSTs. The proxy records thus constructed show that the period 20-0 ka
BP can be subdivided into three different periods, representing different monsoon modes: I) A
glacial monsoon mode (20-13 ka BP) characterized by weakly negative ∆Tcrub-bul values, and SW
monsoon SSTs (TSW) that are higher than NE monsoon SSTs (TNE). This pattern is indicative of a
weaker SW monsoon, and stronger cooling by NE monsoon winds, compared to the modern
situation. II) A transitional mode (13-8 ka BP) characterized by ∆Tcrub-bul values oscillating around
0, and thus a strongly reduced seasonal SST contrast. (III) The modern monsoon mode started at
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8 ka BP, with a shift of both seasonal SSTs of several degrees Celsius in less than 1000 years. The
modern mode is characterized by highly positive ∆Tcrub-bul values, a strong SW monsoon, and
weak influence of the NE monsoon on SST.
The method proposed here is an attempt to quantify seasonal SSTs using a minimum amount of
proxy data. The robustness of the approach can certainly be further improved, e.g. by additionally
producing a Mg/Ca record of G. bulloides, and by in situ observations on foraminiferal flux and
intra-annual SST variability. Enhanced understanding of the ecology of the different species is
essential to improve the method.
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Sea surface temperatures in the Western
Arabian Sea in the penultimate and last
interglacial: a comparison of UK’37 and Mg/Ca
palaeothermometry
M.H. Saher, F. Rostek, S.J.A. Jung, E. Bard, R.R. Schneider, M. Greaves, G.M.
Ganssen, H. Elderfield, and D. Kroon
4.1. Abstract
In this study we present new, millennial-scale resolution sea surface (SST) temperature records
from western Arabian Sea Core NIOP929. We produced Mg/Ca and Uk’37 based temperature
reconstructions over the glacial-interglacial period 152-94 ka BP. The Mg/Ca derived SSTs from
the penultimate and last deglacial cycle are comparable, and in line with upwelling conditions. The
Uk’37 SSTs correspond to modern intermonsoon values. In the 152-94 ka BP period, the U
k’
37
based SSTs are on average 3.5ºC higher than the Mg/Ca temperatures. The difference is largest in
late Marine Isotope Stage (MIS) 6 and MIS 5d. Comparison with previously published records
shows that the Uk’37 –Mg/Ca SST difference is about twice as large as during the transition from
the last glacial to the modern warm period. We evaluate various possible causes for this offset.
Dissolution of foraminifera tests can account for <1ºC of the offset. The change from E. huxleyi
to shallower dwelling G. oceanica as the dominant alkenone-producing species most likely forms
part of the explanation. We further suggest lateral advection of alkenone bearing material from
(non-upwelling) regions with higher SST, and a change in seasonal or depth distribution of either
of the proxy carriers. Our findings suggest that, when interpreting Uk’37 based SST time series
from MIS 5 or older from settings comparable to the western Arabian Sea, it would be advisable
to assess the possibility that these do not represent annual average SST, but a higher temperature,
closer to the warm season SST.
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4.2. Introduction
Sea surface temperature (SST) reconstructions are considered one of the pivotal aspects of
climate reconstructions. The monsoon-driven SST variability in the western Arabian Sea results
from a complex interplay of factors such as solar insolation, hydrography, and monsoon-induced
upwelling. Studying the SST evolution of the basin provides insight into these various processes,
although decoupling them is difficult.
Many SST proxies have been developed, such as: isotopic (δ18O) [e.g. Bemis et al., 1998; Epstein
et al., 1953; Kim and O’Neil, 1997] and chemical composition (Mg/Ca) of calcareous
microfossils [e.g. Elderfield and Ganssen, 2000; Nürnberg et al., 2000]. Proxies based on
foraminiferal assemblages have also been developed, like the transfer functions approach (TF)
[Imbrie and Kipp, 1971], and the modern analogue technique (MAT) [Hutson, 1979; Prell,
1985]. Another category concerns proxies based on chemical properties of organic constituents,
like Uk’37 [Brassell et al., 1986; Prahl and Wakeham, 1987] and Tex86 [Schouten et al., 2002]. All
these proxies have their specific sensitivities, and can lead to different results, depending on, e.g.,
the seasonal distribution, depth habitat, and preservation potential of the producing biota. Thus,
the term “SST” is not necessarily used strictly in the sense of referring to temperature at the sea
surface (seasonal or annual) but is often used in a broader sense, in effect referring to the
temperature recorded by a particular proxy.
Studying several SST records from the same core, based on different proxies, adds to the
understanding of the various aspects of the water temperature the proxies represent. In order to
assess the processes recorded in SST proxies from a highly dynamic area, we chose western
Arabian Sea Core NIOP929 for this study. Strong intra-annual fluctuations in temperature, mainly
due to seasonal upwelling of cold subsurface water and seasonal stratification, offer the
opportunity for accentuating potential sensitivity differences with respect to the factors
controlling the SST proxies. For this study, which focuses on Mg/Ca and Uk’37 SST proxies, we
concentrated on a sampling interval that includes the marine isotope stage (MIS) 6-5 transition.
This interval covers a complete glacial-interglacial sequence and would likely show large
temperature fluctuations. Another reason for this choice is the high interglacial temperature found
in the orbital-scale Uk’37 SST record (2.5ºC higher than the Holocene) of Core NIOP929, by
Rostek et al. [1997]. Such high temperatures may make MIS 5e a suitable analogue for our near
future, regarding the current human interference with the climate system.
Mg/Ca and Uk’37 SSTs records of Core NIOP929 from the last glacial maximum (LGM) to late
Holocene (chapter 2 and Rostek et al. [1997], respectively) and modern SST data are available,
and we have compared our results from MIS 6-5 with these data.
4.3. Material and methods
Core NIOP929 was taken as part of the Netherlands Indian Ocean Programme [van Hinte et al.,
1995] in the western Arabian Sea (13º42, 21N; 53º14,76E) at 2490 m water depth. Rostek et al.
[1997] produced low resolution records of δ18O and Uk’37 for the entire length of the core. For this
study, we sampled the interval 870.5-1191.5 cm on a millennial scale resolution. The sample slices
were freeze-dried and wet-sieved over a 63 µm sieve. Fifty tests of G. ruber were picked from the
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250-355 µm fraction. Twenty specimens were used for Mg/Ca measurements, and 30 for stable
isotope measurements.
The δ18O measurements were performed with a continuous 1 cm resolution. For stable isotope
measurements, the tests of G. ruber were crushed, and an amount of ~ 30 µg was measured in a
Finnigan MAT252 equipped with a Kiel device. The long term reproducibility of the δ18O
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Fig. 4.1 The Core NIOP929 δ18O record of G. ruber, and the alkenone (Uk’37) and Mg/Ca SST
records plotted against depth.
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measurements is ±0.08‰. All isotope measurements were performed in the Institute of Earth
Sciences at the Vrije Universiteit, Amsterdam.
The alkenone unsaturation ratio (Uk’37) measurements were performed on bulk samples, at
CEREGE (Aix en Provence, France). For a detailed description of the used methods, see
Sonzogni et al. [1997a]. Precision and accuracy of the protocols were checked in the framework
of the international alkenone comparison [Rosell-Melé et al., 2001]. The Uk’37 measurements were
performed on a 3 cm (every 3rd sample) resolution (Fig. 4.1). The 152-94 ka BP interval of Core
NIOP929 has an average sedimentation rate of ~5.5 cm/ka, leading to an average sample spacing
of 540 years. The alkenone unsaturation ratios were transferred to temperature using the equation
that was deduced for the higher end of the temperature range (24-29ºC) by Sonzogni et al.
[1997b]: Uk’37 = 0.316 + 0.023T.
The Mg/Ca measurements were also performed on a 3 cm (every 3rd sample) resolution (Fig. 4.1).
For the Mg/Ca-measurements 20 tests of G. ruber were gently crushed between glass plates, and
subjected to a cleaning process designed to remove all clay and organic matter. The method is
described in detail by Barker et al. [2003]. In addition the samples were centrifuged for 5 min at
5000 rpm after dissolution in 350 µl HNO3, in order to settle any remaining small silicate
particles. After centrifuging, the samples were transferred to a clean vial, leaving behind 50µl
containing any remaining residue. The measurements were performed at the Department of Earth
-2.5
-2.0
-1.5
-1.0
-0.5
0.0
0.5
δ18
O
 (‰
 V
P
D
B
) 
Marine isotope stages
age (ka BP)
80 100 120 140 16090 110 130 150
1.2
0.8
0.4
0.0
-0.4
-0.8
-1.2
δ 18O
 (norm
alized) 
5c 5d 5e 6
Fig. 4.2 (above) The age model of core NIOP929 based on tuning δ18O
of G. ruber (black) with the SPECMAP record (grey) [Martinson,
1987].
Depth (cm) Age (ka BP) 
883.5 96.38 
903.5 99.96 
930.5 107.55 
997.5 123.82 
1044.5 131.09 
1067.5 135.34 
1175.5 149.34 
 
Table 4.1 (left) Age/depth tie points for the MIS 6-5 section of Core
NIOP929
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Sciences at Cambridge University on a Varian Vista AX, as described in de Villiers et al. [2002].
The Mg/Ca ratios were converted to temperature estimates using the equation by Anand et al.
[2003]: Mg/Ca = 0.34 exp(0.102T).
We further established average test weight of G. ruber as an indicator of carbonate dissolution.
We aimed to use a narrow size range; therefore the 250-355 µm size fraction of the G. ruber
samples was sieved over a 300 µm sieve. The 250-300 µm fraction was counted and weighed on
a Sartorius microbalance (micro M3P) with a precision of <1 µg. The resultant test weight
represents an average value for a population of on average 22 tests. In the interval 940 to 980 cm,
scarcity of G. ruber limited the number of Mg/Ca and test weight measurements. After weighing,
the 250-300 µm and 300-355 µm fractions were recombined.
The age model of this core section was obtained by correlating the δ18O record of G. ruber with
the SPECMAP δ18O stack (Martinson [1987]; Fig. 4.2). The tie points are listed in Table 4.1.
Between the tie points we used linear interpolation to arrive at an age model. This 870.5-1191.5
cm interval covers late MIS 6, and isotopic MIS 5e to 5c.
4.4. Results
The stable oxygen isotope record of G. ruber from Core NIOP929 (Fig. 4.3) shows maximum
values of ~0.1‰ at 152 and 135 ka BP, and minimum values of -2.2‰ around 124 ka BP.
The MIS 6 δ18O values are followed by three conspicuous light pulses, with an amplitude of up to
almost 1‰. Termination II ended with a short lived period of minimum values demarcating MIS
5e, and a following shift to higher (-0.9‰) values in MIS 5d. MIS 5c displays two local δ18O
minima reaching minimum values of ~-1.3‰.
In order to assess the robustness of the Mg/Ca SST reconstruction, the potential bias due to
carbonate dissolution needs to be addressed. We use the distribution of shell weights for this
purpose. The shell weight record shown in Fig. 4.4 does not show a clear pattern and thus points
to a reliable Mg/Ca record. The lower average shell weight by ~1 µg compared with the 20-0 ka
BP section of the same core might indicate moderate, but uniform dissolution over the entire 152-
94 ka BP interval, assuming initial shell weight remained constant (see discussion in Barker and
Elderfield [2002]). The magnitude of such an effect can be estimated using the equation by
Rosenthal and Lohmann [2002] to be less than 1ºC.
The Mg/Ca based SST record (Fig. 4.3) shows rapid high-amplitude fluctuations, of up to 2.4ºC
in several hundred years. The temperature in MIS 6 oscillated around 22ºC, and from 138 ka BP
(the onset of the deglacial SST rise) it rose to a maximum of 26ºC in MIS 5e. The deglacial rise in
SST shows strong fluctuations. The high temperatures of MIS 5e were maintained for ~4000
years, after which SST dropped below 23ºC in MIS 5d. During MIS 5c temperatures of ~24ºC
prevail.
The Uk’37 based SST record (Fig. 4.3) in MIS 6 shows temperatures between 24.5ºC and 27.5ºC,
with a local maximum at ~144 ka BP. The onset of the deglacial warming occurred at 133 ka BP.
The deglacial SST rise shows large fluctuations, and results in maximum temperatures of almost
29ºC. SST stayed above 28.5ºC for ~10,000 years, and then dropped to 27ºC in MIS 5d. MIS 5c
saw a return to ~28ºC, followed by a sharp drop to 25ºC. These cold conditions prevailed for a
few thousand years, after which SST rose to over 26ºC.
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Fig. 4.3 The Core NIOP929 δ18Ow (dotted line) and δ18O of G. ruber (thin solid line) records
compared with the Mg/Ca  (thick solid line) and alkenone (grey line) based SST reconstructions for
the Isotope Stage 6-5 time interval. Vertical scale  is such that 1‰ in δ18O corresponds with 4°C.
Horizontal grey bars indicate modern flux weighted average annual calcification temperature for G.
ruber (light grey) and coccolithophores (dark grey) in the western Arabian Sea. Calcification
temperatures calculated using temperature data from Levitus et al. [1994] and flux data from Curry
et al. [1992], Broerse et al. [2000] and Conan and Brummer [2000]. Horizontal dashed lines
indicate modern annual average temperature of the upper 50 m of the water column (long dash-dot)
and at 0 m (intermediate dash-dot), and modern spring intermonsoon (IM) temperature of the upper
50 m of the water column (short dash-dot) and at 0 m (dotted). Single headed arrows indicate onset
of early warming in the SST records; double headed arrows indicate duration and midpoint of the
Termination in the SST and δ18Ow records.
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4.4.1 Validation of the Uk’37 record using neighbouring Core GeoB3005
The proximity of Core GeoB3005 (14°58' N, 53°22' E; 2316 m depth) with its high resolution
Uk’37 record [Budziak, 2001] allows us to evaluate the robustness of the NIOP929 U
k’
37 signal. To
do so, we tuned the GeoB3005 δ18O N. dutertrei to the NIOP929 δ18O G. ruber record. Fig. 4.5
shows that the records show a generally similar pattern, both in timing and in amplitude. Largest
differences occur in the period 152-143 ka BP and during the peak interglacial. Lower
temperatures in the GeoB3005 record can be explained by its location nearer to the centre of the
coastal upwelling area offshore Yemen. The occurrence in both records of a pronounced SST
minimum around 98 ka BP indicates that this event is not an artefact.
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Fig. 4.4 The NIOP929 Mg/Ca record plotted together with average shell weight. The latter is an
indicator of dissolution. The solid black arrow indicates the average value of the shell weight data.
The dashed grey arrow shows the average shell weight of the LGM-Holocene section of the same
core.
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4.4.2 Comparison of the temperature and δ18O records
A comparison of the Core NIOP929 Mg/Ca SST with the δ18Orub record shows a high similarity of
both records, with the main difference being a deglacial lead of Mg/Ca SST (Figs. 4.3 and 4.6).
The lead of Mg/Ca derived SST with respect to δ18O is robust as Mg/Ca derived SST and δ18O
have the same proxy carrier. The Core NIOP929 alkenone SST record is broadly similar to δ18Orub
and Mg/Ca SST, but differs in detail in several aspects.
The Uk’37 SST record shows a comparable temporal pattern, but consistently higher temperatures
than the Mg/Ca SST record, with an average difference of 3.5ºC and a total range of 1 to 5ºC
(Fig. 4.3). The difference is largest in the periods 123-113 ka BP and 145-138 ka BP, with an
extreme at 144 ka BP. The difference is lowest at 98.5 ka BP. The variability in the Uk’37 SST
record is lower than in the Mg/Ca SST record. Furthermore, the deglacial warming has a lower
glacial-interglacial temperature difference (2.5ºC in the Uk’37 SST record, and 3.5ºC in the Mg/Ca
SST record), and the maximum values at MIS 5e gradually drop to a MIS 5d minimum, without a
“shoulder” of intermediate SST values. Maximum temperatures therefore last more than twice as
long as in the δ18O and Mg/Ca records (~10ka vs ~4 ka). After the minimum values in MIS 5d,
only a single local maximum occurs in the Uk’37 SST record.
The timing of the deglacial warming also differs between the SST records (Figs. 4.3 and 4.6). The
Mg/Ca SST record starts rising ~4000 years before the Uk’37 SST record. Using the transitional
midpoints, the lead of Mg/Ca SST is ~3500 years. The SST maximum plateaus of both proxy
records, however, occur within 2000 years of each other. Both SST records predate the δ18O
minimum by 2000 to 4000 years, probably implying a real offset between the deglacial warming
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Fig. 4.5 The alkenone (Uk’37) SST records of Cores NIOP929 (black) and GeoB3005 (grey) plotted
on top of each other to facilitate comparison. Notice the general similarity, and the occurrence of a
cold period around 99 ka BP in both records.
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and the δ18O transition between MIS 6 and MIS 5. In order to be able to compare the SST proxy
records with changes in global ice volume, we additionally plotted the Core NIOP929 δ18Ow
record (Fig. 4.3). δ18Ow was calculated using the equation by Mulitza et al. [2003]. The midpoints
of the glacial-interglacial warming in Mg/Ca and Uk’37 are ~6 and 3 ka before the Termination
midpoint of δ18Ow, respectively. A conspicuous feature in the alkenone SST record, the cold
period around 98 ka BP, is absent in the Mg/Ca SST record.
The three prominent light spikes of low δ18O at 135-131 ka BP (Fig. 4.7) are of such high
frequency that they are not adequately resolved by the (lower resolution) Mg/Ca SST record. Of
the three minimum δ18O data points, two are accompanied by a Mg/Ca measurement; the oldest
δ18O minimum is coincident with low Mg/Ca, and the youngest is coincident with very high Mg/
Ca. All shell weights at the depths of the δ18O minima are lower than the neighbouring values,
which means that all original Mg/Ca values, whether high or low, were most likely reduced by
dissolution (Figs. 4.7 and 4.10). The data therefore do not disagree with a temperature cause of
the δ18O minimum spikes, but cannot corroborate them either.
4.5. Discussion
4.5.1 Modern day SSTs
In order to evaluate past SST reconstructions, we compared them to those of the modern day. We
use different sources of modern day SST: data from Levitus et al. [1994], which provide average
monthly temperature data for grid cells of 1º x 1º x 50m, and in situ measured data that give a sea
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Fig. 4.6 The Core NIOP929 δ18O record of G. ruber (black line), and the alkenone (Uk’37; dotted
line) and Mg/Ca (grey line) SST records plotted on top of each other to facilitate comparison. Notice
the lead of Mg/Ca temperature, the smaller amplitude of the alkenone temperature record, its broad
maximum, and the low alkenone temperatures around 98 ka BP.
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surface temperature for a discrete time. The in situ data were measured at the water surface
during the NIOP expedition in 1992-1993 and published by Brummer et al. [2002] (Fig. 4.8). The
Levitus data indicate that modern day average temperature of the upper 50 m is ~26ºC, with
maximum values of ~28ºC in the intermonsoon period and minimum values of ~23ºC in the SW
monsoon season. In situ measured western Arabian SSTs do not cover the intermonsoon period,
but document minimum SW monsoon SST as low as 20ºC. Combining these SST series with
sediment trap data from traps MST8B, MST9E [Conan and Brummer, 2000] and WAST [Curry
et al., 1992], results in calculated (flux weighted) calcification temperatures of G. ruber in the
western Arabian Sea of between 24ºC and 25.4ºC, which are in line with the Holocene Mg/Ca
measurements (Fig. 4.9). Coccolithophorid fluxes over the time interval covered by these traps
[Broerse et al., 2000] indicate a calcification temperature of 24.5ºC to 25ºC, which is lower than
the Uk’37 SST of the core top. Rostek et al. [1997] used data from Ittekkot et al. [1992] to
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Fig. 4.7 Detail of the Core NIOP929 δ18O and SST records, showing the three light δ18O peaks
around the onset of the deglaciation.
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calculate a flux weighted calcification temperature of 25.7ºC. The difference can be explained by
the use of water temperatures at 10 m depth instead of 0-50 m. Additionally, Fig. 4.9 shows that
the Uk’37 temperature in the Holocene is close to the annual (not flux weighted) average SST, as
was already stated by Rostek et al. [1997].
4.5.2 SSTs in the period 152-94 ka BP compared to SSTs over the last 20,000 years
Figs. 4.3 and 4.9 show that the calcification temperatures as deduced from the Mg/Ca ratios of G.
ruber during MIS 6 are comparable to those of the LGM, that MIS 5e is ~1.5ºC warmer than the
Holocene, MIS 5d is similar to the modern temperature range, and MIS 5c shows temperatures
between LGM and Holocene values. Uk’37 temperatures in MIS 6 are ~2.5ºC higher than in the
last glacial, MIS 5e and 5d are ~1.5ºC warmer than the Holocene, and MIS 5c displays
temperatures ranging from low Holocene values to higher than Holocene values. In general, Mg/
Ca SST in Core NIOP929 during the penultimate deglacial cycle is comparable to SST in the last
deglacial cycle, while Uk’37 SST in the penultimate deglacial cycle is considerably higher than that
from the last glacial-interglacial cycle. What the reason might be for this difference between the
two periods, and between the two proxies, will be discussed in the next sections.
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Fig. 4.8 Various temperature time series from the locations of NIOP929 and MST9E. Depicted
below are the flux of G. ruber as a percentage of total measured annual flux [Conan and Brummer,
2000], and coccosphere flux in specimens per day per m2 for MST9E [Broerse et al., 2000].
Evidently the largest part of the annual flux is produced when the temperature is at its minimum.
Notice that the Levitus et al. [1994] temperatures are monthly averages over a 1° x 1° x 50 m
volume. The horizontal grey bar indicates modern flux weighted average annual calcification
temperatures for G. ruber (light grey) and coccolithophores (dark grey) at the given locations.
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Fig. 4.9 The NIOP9292 Mg/Ca based SST reconstruction (thin solid black line). The dotted curve is
the same time series, this time corrected for dissolution, by applying the equation by Rosenthal and
Lohmann [2002]. The thick grey line is the Core NIOP929 alkenone temperature record from Rostek
et al. [1997]. The thick solid dlack time series at the bottom is the Core NIOP929 δ18Ow record.
Horizontal lines indicates modern average value for SW monsoon temperature of the upper 50 m of
the water column (long dashes) and at the surface (intermediate dashes), and annual average
temperature at 0-50 m (short dashes) and at 0 m (solid line) at the location of core NIOP929 as
derived from the Levitus et al. [1994] atlas. Grey areas depict modern flux weighted average
calcification temperatures of G. ruber (light grey) and coccolithophores (dark grey) as deduced from
Fig. 4.8.
4.5.3 Possible causes for the large offset between the Uk’37 and Mg/Ca SST records
The difference between the two SST reconstructions from the same core (Figs. 4.3 and 4.6) may
provide clues on how the proxy carriers record the ambient temperatures, and to what syn- and
post-depositional processes they may have been subjected. For previous reviews on Uk’37 and Mg/
Ca SST proxy intercomparison, see Bard [2001a], Mix et al. [2000], Mollenhauer et al. [2003]
and Nürnberg et al. [2000].
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The most striking difference between the two SST records in the MIS 6-5 section of Core
NIOP929 is the large offset of on average 3.5ºC (Fig. 4.3). A similar offset is found in other
sediment records [Elderfield and Ganssen, 2000; Nürnberg et al., 2000]. The offset in Core
NIOP929 does not depend on the transfer function that was used to translate the alkenone
unsaturation [Pelejero and Grimalt, 1997; Prahl and Wakeham, 1987; Sikes and Volkman, 1993;
Sonzogni et al., 1997b] or the Mg/Ca ratios [Elderfield and Ganssen, 2000; Rosenthal and
Boyle, 1993] into SST estimates. The much larger offset than that seen in the period 20-0 ka BP
may reflect a number of processes that involve a differential response of the biota to different
environmental conditions, or to differential signal preservation.
One scenario is that the Mg/Ca method underestimates SST. This could have been caused by
preferential dissolution of high Mg calcite, or a change in depth/seasonal habitat of G. ruber.
Dissolution could be a significant factor even though Core NIOP929 is located above the
lysocline [Conan et al., 2002; Schulte and Bard, 2003]. Dissolution is difficult to quantify, since
most indices used (fragmentation, percentage of coarse fraction, ratio of fragile to resistant shells,
etc.) do not only reflect dissolution but also productivity. We use foraminiferal shell (or test)
weight as a dissolution index. The applicability of this index is corroborated by the similar patterns
in both shell weight and fragmentation records covering the 20-0 ka BP section of Core NIOP929
(chapter 2). Fragmentation data for the MIS 6-5 section of Core NIOP929 is not available. G.
ruber in this section has a lower average shell weight than specimens from the 20-0 ka BP section,
which could be an indication of a lower level of preservation. Increased dissolution could have
been caused by different ocean chemistry or corrosiveness of pore water. To attempt to quantify
the effect of dissolution on the Mg/Ca derived SSTs we applied the correction equation by
Rosenthal and Lohmann [2002]. This equation is based on the assumption that all weight loss
below a certain level is due to dissolution. In reality, shell weight is also influenced by the
carbonate ion effect [Barker and Elderfield, 2002; Bijma et al., 2002]. Over glacial-interglacial
transitions, changes in atmospheric CO2 content and thus carbonate ion effect are considerable. As
the method of Rosenthal and Lohmann [2002] does not take this process into account the
correction probably overestimates the effect on Mg/Ca derived SST. Fig. 4.10 shows that this
correction reduces the discrepancy between Mg/Ca and Uk’37 SST by less than 1ºC, and therefore
does not explain the total increase in offset.
The second scenario, a change in depth habitat of G. ruber, could explain anomalously low
recorded Mg/Ca SST. It would, however, be expected to also affect δ18O of G. ruber, a
presumption inconsistent with our results. The δ18O values from the interval 152-94 ka BP are of
the same magnitude as those from the 20-0 ka BP period (chapter 2). If G. ruber would have
adopted a deeper habitat in the penultimate deglacial cycle, δ18O values of G. ruber would
logically be higher than in the period 20-0 ka BP as well. This is not the case (compare Fig. 4.3
with Fig. 2.5; see also Fig. 5.7), suggesting G. ruber had the same depth habitat in both periods.
However, a possible shift in δ18O of G. ruber could have been masked by an opposite shift in δ18Ow
due to a difference in global ice volume or E-P balance in the Arabian Sea. Even though this
scenario is not very probable we can not reject the possibility. The same reasoning holds for the
scenario of a change in seasonal habitat.
As we can only partly explain the Mg/Ca and Uk’37 SST difference with habitat/preservation
changes of G. ruber alone, we now address possible changes that could have affected the SST
signal in the alkenone producing haptophytes. Considerably higher Uk’37 SSTs in the penultimate
deglacial cycle than in the last deglacial cycle have also been documented by e.g. Calvo et al.
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[2001], Eglinton et al. [1992], Hinrichs et al. [1997], Schneider et al. [1999] and Schneider et
al. [1996]. It therefore does not seem to be a phenomenon restricted to the Arabian Sea.
There are several possible scenarios that could explain anomalously high Uk’37 SST (see also Bard
[2001a]): 1) lateral transport, 2) differential bioturbation, 3) a change in seasonal habitat of
alkenone producers, 4) a change in depth habitat of alkenone producers, 5) a change to a
dominant alkenone producing species with a different depth/seasonal habitat or 6) a change in the
temperature-alkenone unsaturation relation. Alkenones have been reported to not be affected by
seafloor processes [Madureira et al., 1995; McCaffrey et al., 1990; Prahl et al., 1989] and we
therefore reject postdepositional alteration of the alkenones as a possible scenario.
Scenario 1) concerns lateral transport of the alkenone-bearing fine fraction. This process has been
discussed by Benthien and Müller [2000], Mollenhauer et al. [2003], and Sachs et al. [2000].
Coccolithophorids that are not incorporated in faecal pellets have a lower settling velocity than
foraminifera due to their smaller size. It is possible that, before arriving at the sea floor, they have
travelled laterally over significant distances, as Benthien and Müller [2000] found in the western
South Atlantic. Mollenhauer et al. [2003] showed that there is also the possibility for an age
discrepancy between alkenones and foraminifera tests in sediments, due to the possible difference
in settling velocity.
In Arabian Sea Core NIOP929, Uk’37 SST estimates reach values that are not representative for
upwelling areas (Figs. 4.3 and 4.8). It is possible that the alkenones were flushed in from (non-
upwelling) areas with higher SSTs, thus recording maximum tropical temperatures (Fig. 4.3). The
cold interval around 98 ka BP (Fig. 4.3), which is also seen in nearby core GeoB3005 (Fig. 4.5),
might reflect an increase in upwelling, possibly in upwelling filaments, documented by
coccolithophorids. Alternatively, as both cores are located close to each other, a change in
hydrography could possibly have flushed in alkenones from a region with stronger upwelling to
both core locations. An argument against the scenario of lateral transport is that presently in the
Arabian Sea, the organic flux to the sea floor happens mainly as faecal pellets [Roman et al.,
2000], which have a much higher settling velocity than loose coccolithophorids. This, however,
might have been different in the last interglacial.
Scenario 2): differential bioturbation, concerns a process that has been extensively discussed by
Bard [2001b], Mollenhauer et al. [2003] and Sachs et al. [2000]. Differential bioturbation in
cores with low (< 10 cm ka-1) sedimentation rate can also cause age discrepancies [Wheatcroft,
1992], of up to 3 ka [Bard, 2001b]. An age discrepancy between foraminifera and alkenones in
Core NIOP929 is possible. Hence, differential bioturbation may explain a temporal offset between
events recorded in the Mg/Ca and Uk’37 based SST records, estimated to be in the order of 0.5 ka
using the method of Bard [2001b]. It would not, however, explain the consistent offset of the
absolute values between the two SST records.
Scenario 3) deals with a change in seasonal distribution of alkenone producing species. The
enigmatic fact that in sediment cores, alkenones seem to document the annual average SST, even
though in most provinces, haptophyte production is highly seasonal, has been widely discussed
[Bijma et al., 2001; Budziak et al., 2000; Herbert, 2001; Herbert et al., 1998; Nürnberg et al.,
2000; Sachs et al., 2000; Sonzogni et al., 1997a; Sonzogni et al., 1997b; Volkman, 2000]. In the
Arabian Sea, other workers [Andruleit et al., 2000; Broerse et al., 2000; Prahl et al., 2000] show
that modern coccolith/coccosphere/alkenone production is concentrated in both monsoon periods.
Still, the Uk’37 temperatures matches annual average SST, which is higher than the upwelling-
influenced monsoon season SST. If the alkenone generating biota in MIS 6 and 5 had shifted to
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the warmer (possibly the non-upwelling) season, they would yield Uk’37 temperatures that are
higher than the annual average, which could explain the observed high alkenone SSTs in the
penultimate deglacial period. However, though a shift to the late upwelling season, or even
partially into the intermonsoon season, is possible, it is difficult to defend a shift of the entire
population of the alkenone producing species into the oligotrophic intermonsoon season.
Scenario 4) concerns a change in the depth habitat of the alkenone producing haptophytes. An
increase in growth depth has, in other areas, been invoked to explain lower SSTs than expected
[Mix et al., 2000; Prahl et al., 1993; Ternois et al., 1997]. In the Arabian Sea, the alkenone
producing haptophytes live in the surface mixed layer. Andruleit et al. [2003] show that in
September in the northern Arabian Sea, ~90% of both E. huxleyi and G. oceanica populations live
in the upper 50 m of the water column. The difference in temperature between the upper 50 m
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Fig.4.10 The NIOP929 δ18Ow(bottom), and Mg/Ca (middle) and alkenone (top) SST records. Also
plotted is the Mg/Ca SST record, corrected for dissolution (dotted line), using the equation by
Rosenthal and Lohmann [2002]. Horizontal lines and grey bars as in Fig. 4.9, with the addition of
the modern average intermonsoon temperature at the surface (intermediate dashes, long gaps) and in
the upper 50 m of the water column (long dashes, long gaps).
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and the surface in CTD stations in the vicinity of Core NIOP929 is ~0.9ºC during the winter
monsoon and highly variable (0 - 2.4ºC) during the summer monsoon [NIOZ, 2000]. These
differences represent the maximum temperature increase that can be explained by a shift in depth
habitat. We therefore conclude that a change in depth habitat can be a partial cause for the high
alkenone SSTs, but is not a likely explanation for the entire offset.
Scenario 5) deals with the possibility of a shift in dominance to an alkenone producing species
with a different depth or seasonal habitat. In the modern ocean, alkenone production is dominated
by E. huxleyi [Brassell, 1993]. Core-top calibration suggests that this is the case for the Indian
Ocean as well [Sonzogni et al., 1997a; Sonzogni et al., 1997b]. This dominance dates back to ~80
ka BP, when the percentage of G. oceanica dropped at the expense of E. huxleyi [Müller et al.,
1997]. In MIS 6 and (most of) MIS 5, the dominant alkenone producer was G. oceanica [Müller
et al., 1997].Data by Andruleit et al. [2003] indicate that the majority of E. huxleyi calcifies close
to the thermocline, whereas G. oceanica occurs roughly equally distributed in the uppermost 50
m. The G. oceanica dominated coccolithophorid temperature of the period 152-94 ka BP may
represent the temperature of the upper 50 m of the water column, rather than the thermocline
temperature that was most likely reflected in the E. huxleyi dominated coccolithophorid
assemblage of the period 20-0 ka BP. If this difference in depth habitat between the two species is
robust, the shift in dominant alkenone producing species would explain an additional temperature
offset of 0 to 1ºC between Mg/Ca and Uk’37 derived SST.
Scenario 6) concerns a change dominant alkenone unsaturation- temperature relation. It is
possible that this relation has not been constant through time. We have no means to assess
whether within species this relationship has changed. We can discuss the possibility of a change in
prevalent alkenone-producing species and its possible effect. Nürnberg et al. [2000] noted an
increase in correlation between Mg/Ca and Uk’37 temperature after 90 ka BP, near the G.
oceanica-E. huxleyi transition. Conte et al. [1998], however, showed that G. oceanica and E.
huxleyi have a similar alkenone unsaturation-temperature relationship, and Villanueva et al.
[2002] argued that the Uk’37 – SST relationship remained unchanged over several main shifts of
dominant alkenone producing species.
Altogether, of the scenarios we offered to explain the SST discrepancy between Mg/Ca and Uk’37,
and taking into account the difference between the last two deglaciations, we have rejected
differential bioturbation. We have evaluated the magnitudes of the possible influences of
dissolution of foraminifera, and a change in depth habitat of the alkenone producers. Both are
likely to have contributed to the observed offset, but cannot account for its total magnitude. The
remaining possible scenarios, of which we cannot establish the possible weight, are: lateral
transport of alkenone bearing fine-grained material, and a change in seasonal or depth habitat of
the species on which the proxies are based.
4.5.4 Implications for the NIOP929 SST record
The Mg/Ca based SST record of Core NIOP929, which records upwelling-influenced
temperatures, allows an evaluation of possible causes for the events recorded in the δ18O record.
We prefer the Mg/Ca SST record for this exercise as it relies on the same proxy carrier as the
δ18O record. Comparing the two records shows that in MIS 6 and MIS 5c the fluctuations in δ18O
can be largely ascribed to temperature changes (Fig. 4.6). During Termination II and in MIS 5e,
the situation is more complicated. The lead in Mg/Ca SST with respect to δ18O at the onset of the
deglaciation, a phenomenon seen in many records [e.g. Bard et al., 1997; Hinrichs et al., 1997;
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Lea et al., 2002; Mashiotta et al., 1999; Pichon et al., 1992; Visser et al., 2003], illustrates that
the Arabian Sea warmed before the high latitude ice sheets started to melt. Maximum SST was
reached at 127 ka BP, indicating that the Arabian Sea had already reached maximum SST before
the high latitude ice sheets were reduced to fully interglacial proportions. The drop in Mg/Ca
derived SST at 124 ka BP, before the end of the Termination in the δ18O record, shows that the
Arabian Sea even cooled before deglacial melting was completed. Together this indicates a lead of
the Arabian Sea with respect to high latitude climate change.
The Uk’37 record seems to represent tropical, non-upwelling temperatures at (the vicinity of) site
NIOP929, suggesting these were around 26ºC in the glacial and around 29ºC in the interglacial
period. The broad MIS 5e temperature maximum, and the absence of a temperature “shoulder”
seen in the Uk’37 SST record, might be due to the finite range of the U
k’
37 method. The used
transfer function [Sonzogni et al., 1997a] gives a SST of 29ºC for a Uk’37 value of 0.99, and does
not return temperatures higher than 29.7 (at Uk’37 = 1). If SST in the growing season of the
coccolithophores would have had a similar evolution as that recorded by G. ruber, i.e. with
maximum temperatures from ~126 to 125 ka BP that are ~1ºC higher than temperatures in the
period 124-115 ka BP, the method would not have recorded it. The peak temperatures would
have been around or above the maximum temperature the method can yield.
The time lag of the Uk’37 record relative to the Mg/Ca record, as seen at the onset of the deglacial
warming, could point to a differential bioturbational effect. Bioturbation can offset proxy records
based on different biota in several ways. Firstly, if the respective biota are of unequal size,
divergent bioturbation of the different size fractions in the sediment can cause artificial lead/lag
relationships [Bard, 2001b]. Even within size fractions, inhomogeneous abundance of different
biota can cause such artefacts [Bard et al., 1987; Hutson, 1980]. Furthermore, bioturbation
coupled to dissolution of the shells of G. ruber could have offset the respective records [Broecker
et al., 1984; Keir and Michel, 1993]. All mentioned processes may have influenced the apparent
timing offset of the Uk’37 and Mg/Ca records.
The fine alkenone-bearing organic material is expected to be more thoroughly bioturbated than
the coarse G. ruber tests [Wheatcroft, 1992; Wheatcroft and Jumars, 1987]. Size dependent
bioturbation would have resulted in a “smeared out” Uk’37 deglacial warming. An originally steeper
deglacial warming would mean the timing offset of the Uk’37 and Mg/Ca SST proxies would be an
underestimation. Preferential bioturbation of the fine fraction could also have contributed to the
smaller glacial-interglacial temperature change in the alkenone SST record than in the Mg/Ca SST
record.
Changes in abundance of alkenones and G. ruber at the onset of the deglaciation could have
produced the lead of Uk’37 SST [Bard et al., 1987]. Absence of foraminifera abundance data
prevents us from assessing the possibility of an artificial Mg/Ca SST lead due to this process. The
available alkenone abundance data show that the onset of deglacial Uk’37 warming coincides with a
sharp decrease (-70% in 6 cm) in abundance of C37. The sharpness of this shift suggests
bioturbation is limited. Additionally, downward mixing of the high Uk’37 alkenones synthesized
during MIS 5 can only have had a small effect on the timing of the Uk’37 record due to their low
abundance. Upward mixing of the abundant low Uk’37 alkenones synthesized during MIS 6 could
have reduced the lag of Uk’37 SST with respect to Mg/Ca SST to a limited extent. The effect of the
(alkenone) abundance-bioturbation couple can therefore only be assumed to have had only minor
influence on the observed temporal offset.
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Additionally, G. ruber is susceptible to dissolution, while alkenones are not. Preferential
dissolution of a proxy carrier can lead to the preferential preservation of particles that get buried
soon, while those that stay in the bioturbation layer for a longer time are dissolved. This leads to
an anomalously young age of the proxy carrier in question. An estimate of the possible effect of
this process using the methods of Broecker et al. [1984] and Keir and Michel [1993] is typically
~200 years, and maximum 1 ka. This means the observed lag may originally have been slightly
larger.
Summarizing, of the three different bioturbation processes mentioned above, dissolution coupled
bioturbation of G. ruber could have artificially reduced the lead of Mg/Ca SST with respect to
Uk’37 SST by up to 1 ka. We have insufficient information to be able to assess the possible
direction and amplitude of abundance dependent bioturbation. Influence of size dependent
bioturbation would imply the initial offset was even greater than the observed offset. Altogether
we cannot reliably assess the size and direction of bioturbation on the observed offset in timing,
but we have indications that the maximum contribution of bioturbation is small (<1 ka) with
respect to the observed 6 ka lag.
An explanation of the observed lag, when taken at face value, could be that the seasons in which
the bulk of G. ruber grew warmed up earlier than those in which the coccolithophorids grew,
provided these are not identical. Boreal winter insolation leads spring/summer insolation [Berger,
1978]; therefore, an insolation driven reduction in NE monsoon could raise winter SST. If for
instance the coccolithophorids did not grow in considerable numbers during this season, the Mg/
Ca record would show an earlier SST rise than the Uk’37 record.
The cold event around 98 ka BP, which is seen in the Uk’37 records of both Cores NIOP929 and
GeoB3005 (Fig. 4.5), is not reflected in the Mg/Ca SST record. An explanation for this event
should be sought in a change in coccolithophorid behaviour. Possibly in this period the algae, of
which even a different species may have been dominant, grew at greater depth, or in a colder (part
of the) season. Alternatively, a large proportion of the alkenones may have been laterally advected
from areas with stronger upwelling. However, this scenario demands large scale lateral advection
as the signal of the event in both cores, which are ~150 km apart, is comparable.
4.6. Conclusions
We have presented the centennial-scale Uk’37 and Mg/Ca based SST time series of western Arabian
Sea Core NIOP929, for the period 152 ka BP (MIS 6) to 94 ka BP (MIS 5d). The glacial-
interglacial warming in the Uk’37 record is 2.5ºC, and in the Mg/Ca record 3.5ºC. The average
offset between the Uk’37 and Mg/Ca based temperature records is of the same range (~3.5ºC) as
the glacial-interglacial variability of both records. The Uk’37 SST record has consistently higher
temperatures than the Mg/Ca SST record, with a maximum difference of almost 5ºC. The Mg/Ca
temperatures are within the range expected for an upwelling region, while the alkenone
temperatures are several degrees higher, with values corresponding to modern day intermonsoon
SSTs.
We explored the possible causes for these features: first, we assessed the possibility of
anomalously low Mg/Ca temperatures. Part of the temperature offset could be explained by
dissolution of the planktonic foraminifera. A change of depth or seasonal habitat of G. ruber
cannot be excluded but is not highly probable. To explain the remaining offset, we assessed the
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possibility of anomalously high Uk’37 temperatures. Part of the offset may be due to scenario 5):
the shift in dominant alkenone producing haptophyte species to a shallower dwelling species. We
discussed several scenarios to explain the remaining offset, and suggest the following possible
scenarios: 1) lateral transport of the alkenone containing fine fraction, 3) a shift in seasonal habitat
of the alkenone producing species in the direction of the warmer, non-upwelling season, and 4) a
change in depth habitat of E. huxleyi. These processes together could explain the large offset, and
could also contribute to the often found high temperatures in Uk’37 records covering the
penultimate deglacial cycle.
When interpreting Uk’37 based SST time series from MIS 5 or older, it would be advisable to
assess the possibility that these do not represent annual average SST, but a higher temperature,
that is closer to warm season SST.
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Monsoon forcing on seasonal sea surface
temperatures during Terminations I and II in
the western Arabian Sea
M.H. Saher, D. Kroon, S.J.A. Jung, and G.-J.A. Brummer
5.1. Abstract
Proxy records representing aspects of the climate system in a specific season are vital for
understanding regional climate development in areas with strong seasonal contrasts, such as
monsoon dominated areas. In this study, we present seasonal SST (contrast) proxy records and a
productivity record for the period 152-94 ka BP (MIS 6-5c, incorporating Termination II) from
western Arabian Sea Core NIOP929. The seasonal SST contrast indicates that a monsoon system
similar to the modern system in the western Arabian Sea persisted from 135 to 108 ka BP, lasting
27,000 years. The associated maximum seasonal contrast of ~7.5ºC occurred in MIS 5d. The Ba/
Al productivity record reflects the regional productivity pattern, but appears to be decoupled from
monsoon influenced (seasonal) SST. Winter SST appears to be coherent with Antarctic climate
records, which suggests the influence of the winter monsoon on SST is negligible compared to
glacial boundary conditions. Summer SST is roughly in line with the equatorial February-August
insolation gradient, which may testify to the influence of latent heat from the southern hemisphere
on the summer monsoon, and thus on upwelling dominated summer SST.
A comparison of Termination II with previously published records of Termination I from the same
core shows only modest differences in the range of δ18O and summer SST. Annual average SST
during Termination II is ~1ºC warmer than during Termination I, while the difference in winter
SST is ~3.5ºC. The timing of the seasonal SSTs (and thus the seasonal contrast) strongly differs;
during Termination II these parameters reach their interglacial values much (>10 ka) earlier than
during Termination I. The reason for this phenomenon is not yet clear.
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5.2. Introduction
The western Arabian Sea has received much attention in palaeoclimate research [e.g. Anderson
and Prell, 1993; Clemens and Prell, 1990; Jung et al., 2002; Kroon and Ganssen, 1989;
Reichart, 1997; Schulz et al., 1998]. It is dominated by the Indian monsoon system, driven by
differential heating of the Eurasian landmass and the Indian Ocean. In boreal summer, intense
solar insolation leads to high temperatures and concomitant low pressure on the Tibetan plateau.
The pressure gradient with the relatively cool southern hemisphere (SH) Indian Ocean drives the
strong southwest monsoon. Ekman transport caused by these southwestern winds induces
upwelling of cold and nutrient rich water, thereby lowering the sea surface temperature (SST). In
winter, temperatures over the Tibetan Plateau are low, resulting in high atmospheric pressure and
a reversed pressure gradient with the warmer SH Indian Ocean. This results in the cold
northeastern winds of the winter monsoon that cool the surface waters of the Arabian Sea, and
may cause deep winter mixing. SSTs are highest in the intermonsoon periods. These strong
seasonal contrasts in e.g. SST and productivity lead to seasonally varying planktonic foraminifera
assemblages [Conan and Brummer, 2000; Curry et al., 1992].
We aim to reconstruct the variability of monsoon induced seasonal SST contrast in the past during
different global climate conditions. We focus on the interval 152-94 ka BP around Termination II,
and compare it to the last 20 ka (including Termination I) of Core NIOP929 of which the
stratigraphy is known [Rostek et al., 1997] and the positions of Terminations I and II could be
easily identified. As a proxy for seasonal SST contrast we use the δ18O difference between the
year round dweller G. ruber and the upwelling species G. bulloides (∆δ18Orub-bul). As the main
influence on this index is temperature, we can convert it to the difference in calcification
temperature of the two species (∆Tcrub-bul). Due to the seasonal preferences of the species used,
this proxy gives information on the temperature effect of both the summer and winter monsoon.
The use of δ18O of several planktonic species in climate reconstruction was used earlier by e.g.
Jung et al. [2002] A combination of the ∆Trub-bul and Mg/Ca SST records allows estimation of
seasonal SSTs (chapter 3), which are influenced by the respective monsoon winds. This method,
which is a novel variation on the approach of Van den Berg et al. [2002], uses the minimum
amount of proxy data to reconstruct seasonal SSTs. The summer and winter SST proxy records
are used to separately evaluate the SW and NE monsoon evolution, and the possible forcing
mechanisms of the summer and winter monsoon over changing global boundary conditions.
Many previous authors have reconstructed the monsoon evolution using productivity proxies that
indicate past upper ocean biogenic production, which is mainly forced by SW monsoon induced
upwelling. For instance, Clemens and Prell [2003] stacked five proxy records, of which four are
based on productivity (δ15N, opal MAR, % G. bulloides, and excess Ba MAR) to construct a
Summer Monsoon Stack (SMS). To facilitate comparison with such work in which productivity
was used as a monsoon index, we additionally analysed a dual productivity record, Ba and Ba/Al,
for Core NIOP929 over Termination II. Both Ba and Ba/Al are known productivity proxies
[Bishop, 1988; Dehairs et al., 1980; Dymond et al., 1992], and we us both in order to improve
the robustness of the productivity record. Clemens and Prell [2003] identified phase relationships
of the SMS with orbital parameters. We aim to establish such relationships between seasonal SST
(contrast) and solar insolation. Many aspects of solar insolation, such as precession, or June
insolation at 60ºN, have been suggested as a monsoon forcing mechanism. We aim to compare
our Termination II monsoon record with suggested forcing mechanisms in order to assess their
consistency with a specific hypothesis.
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In order to evaluate our findings from Termination II, we compare them with records of
Termination I. In the Arabian Sea, glacials are characterized by an enhanced NE monsoon, while
in interglacials, the modern situation with a dominant SW monsoon prevails. As the last two
Terminations differ with regard to e.g. sea level and insolation [Elliot et al., 1998; Kukla et al.,
2001; Rohling, 2002; Schneider et al., 1999; Yuan et al., 2004], the difference between the
sequence of events covering these transitions provide clues on the impact of these various factors
on the monsoon system.
5.3. Material and methods
5.3.1 Core NIOP929
Core NIOP929 was taken as part of the Netherlands Indian Ocean Programme (NIOP) [van
Hinte et al., 1995] in the western Arabian Sea (13º42,21N; 53º14,76E) at 2490 m water depth.
Building on Rostek et al. [1997], who produced a low resolution δ18O and Uk’37 record in which
Terminations I and II could be recognized, we resampled the upper 210.5 cm of the core (chapter
4), which contains TI, with 0.5 cm sample spacing (~50 years). We here report on the interval
152-94 ka BP (1191.5-870.5 cm bsf), which comprises TII, with 1.0 cm sample spacing. This
interval has an average sedimentation rate of ~5.5 cm/ka, equivalent to a nominal sample spacing
of 180 years. The age models of the core sections used are given in chapters 2 and 4.
The sample slices were freeze-dried and wet-sieved over a 63 µm sieve. Fifty tests of G. ruber and
30 tests of G. bulloides were picked from the 250-355 µm fraction. Thirty specimens of each
species were used for stable isotope measurements, and 20 specimens of G. ruber were used for
Mg/Ca measurements. Occasionally, samples did not contain 50 specimens of G. ruber, and
isotopic measurements were performed on less than 30 (down to 10) specimens.
5.3.2 Oxygen isotopes
For stable isotope measurements, the tests were crushed to powder, and ~ 50 µg was measured
on a Finnigan MAT252 with a Kiel III device at the Institute of Earth Sciences at the Vrije
Universiteit Amsterdam. The internal error (1σ) of the mass spectrometer is 0.07‰ for δ18O.
5.3.3 Mg/Ca
The Mg/Ca measurements were mostly performed at 1 cm (every 2nd sample) spacing in the MIS
2-1 section, and at variable sample spacing in the MIS 6-5 section (Fig. 5.1). A more detailed
description is given in chapters 2 and 4. For the Mg/Ca measurements 20 tests of G. ruber were
gently crushed between glass plates, and subjected to a cleaning process designed to remove clay
and organic matter [Barker et al., 2003]. In addition, the samples were centrifuged for 5 min at
5000 rpm after dissolution in 350 µl HNO3 and transferred to a clean vial, leaving behind 50 µl
containing any remaining small silicate particles. The Mg/Ca measurements were performed at the
Department of Earth Sciences at Cambridge University on a Varian Vista AX [de Villiers et al.,
2002], and Mg/Ca ratios were converted to calcification temperatures using the equation for G.
ruber white 250-355 µm by Anand et al. [2003], i.e. Mg/Ca = 0.34 exp(0.102*SST), with an
error of ~0.73ºC (1σ) [Anand, written comm., 2006]
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Fig. 5.1 The NIOP929  Ba and Ba/Al productivity records (a), δ18O of G. bulloides (b), δ18O of G.
ruber (c), the ∆δ18Orub-bul / ∆Tcrub-bul record (d) and the Mg/Ca based SST reconstruction for the MIS
6-5 time interval.
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5.3.4 Ba and Ba/Al
The Ba and Ba/Al measurements were performed at the Royal NIOZ. Semi-quantitative records
were obtained at 5mm resolution through non-destructive X-ray fluorescence (XRF) logging at
the surface of the split sediment core with the AVAATECH core scanner [Richter et al., 2006].
Applied tube voltage was 10kV for major and minor elements (atomic mass range Al to Fe), and
50kV for the heavy trace element Ba.
5.3.5 ∆Tcrub-bul as a monsoon proxy
We exploit the influence of the seasonally reversing monsoon winds on SST for monsoon
reconstruction. As the SW and NE monsoon winds have a cooling effect on SST in summer and
winter, respectively, changes in seasonal SST contrast give information on the relative strength of
the two alternating monsoons. We use the δ18O difference of two surface dwelling species of
planktonic foraminifera, converted to the difference in calcification temperature, as a seasonal
SST contrast proxy (chapter 3). Cold water species G. bulloides abounds in the nutrient-rich
upwelled water of the summer, while (sub)tropical species G. ruber proliferates in both the
summer and winter monsoon season [Conan and Brummer, 2000; Curry et al., 1992]. When
δ18Obul is subtracted from δ18Orub, the resulting ∆δ18Orub-bul yields a measure for the seasonal SST
difference between the SW monsoon (upwelling) season and the annual average, irrespective of
the intra-annual variability in δ18O of the ambient sea water. A discussion on possible factors other
than temperature affecting ∆δ18Orub-bul is found in chapter 3.
A strong NE monsoon would decrease the ∆Tcrub-bul values, by enhanced sea surface cooling and
deep winter mixing, thereby lowering the temperature recorded in the specimens of G. ruber
(Tcrub) that calcify in winter. This affects the average value of Tcrub, whereas the NE monsoon
would only minimally influence the calcification temperature of G. bulloides (Tcbul). A strong SW
monsoon would lower Tcbul of the annual G. bulloides flux, and Tcrub of the specimens that calcify
in summer, thereby reducing ∆Tcrub-bul. Thus, maximum ∆Tcrub-bul values indicate strong summer
upwelling and mild winters (strong SW monsoon, weak NE monsoon), while lower positive
values would either indicate weaker upwelling, or colder winters. Values around zero indicate a
situation with no seasonal contrast, which can occur if e.g. summer upwelling is reduced and
winter cooling is increased with respect to the modern situation, as to yield similar temperatures
in the SW and NE monsoon season. Negative values are indicative for a situation where summer
upwelling was weak, and winter SST was low (weak SW monsoon, strong NE monsoon).
5.3.6 Quantification of seasonal SST
We are interested in obtaining seasonal SSTs, since this approach may provide a comprehensive
view on monsoon evolution. From δ18O of both species we first calculate ∆δ18Orub-bul and ∆Tcrub-bul,
and with the Mg/Ca derived calcification of G. ruber we then calculate the calcification
temperature of G. bulloides ( bulTc ). In general, temperature equations indicate that an increase of
1ºC results in a δ18O decrease of 0.22‰. For an overview of this topic, we refer to Bemis et al.
[1998], Epstein et al. [1953], and Erez and Luz [1983]. We can therefore deduce:
(eq. 1)
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 Tcbul can be calculated from Tcrub and Tcrub-bul:
5.3.7 Calculation of  TSW and TNE
In addition to reconstructing seasonal SST contrast, we are interested in “absolute” seasonal
SSTs. With δ18Orub, δ18Obul, an independent temperature proxy (Mg/Ca), and assuming modern
seasonal distribution of the foraminifera flux, we can quantify seasonal SSTs using the method
that is described in chapter 3. In our calculations we take into account that the sediment derived
foraminifera typically calcified tens of meters below in the subsurface, at temperatures that are 1.3
to 1.7ºC lower than SST [Peeters et al., 2002]. We approximated this effect by adding 1.5ºC to
the calculated calcification temperatures in order to obtain SSTs.
The Mg/Ca derived temperature of G. ruber reflects the annual, flux weighted average SST, and
∆δ18Orub-bul is a measure for seasonal SST contrast. Seasonal SSTs can then be estimated following
the method described in chapter 3, using the following equations:
Where TSW and TNE are the SST during the SW and NE monsoon season, respectively. Tcrub is the
average annual calcification temperature for G. ruber, given by its Mg/Ca derived calcification
temperature. r is the fraction of the population of G. ruber that calcified in summer, and b the
fraction of the population of G. bulloides that calcified in summer. Since productivity in the
intermonsoon season is negligible, it follows that 1-r (1-b) is the fraction of the population of G.
ruber (G. bulloides) that calcified in the winter monsoon season. We took modern day values for r
and b as derived from time series sediment traps (r = 0.54 and b = 0.91; chapter 3).
In order to assess the validity of our results, we quantified the 1σ error of the calcification
temperatures. The uncertainty of the calculated seasonal SSTs depends on the validity of the
assumption that the seasonal distribution of G. ruber and G. bulloides over the period 152-94 ka
BP was identical to that in the modern day. Unfortunately, no data on the past seasonal
distribution of these species is available, and therefore we cannot provide an uncertainty estimate
for the seasonal SST values. In order to illustrate the sensitivity of the method to changes in
seasonal distribution we also performed the calculations with values for r and b representing
increased winter calcification of G. bulloides. We arbitrarily chose a threefold increase from 9% to
27%, which translates to a change from b = 0.91 to b = 0.73.
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Fig. 5.2 The calcification temperatures of G. ruber and G. bulloides, and the difference between
these, plotted with 1σ error bars. a) Mg/Ca derived calcification temperature estimates of G. ruber,
b) the ∆δ18Orub-bul derived difference between the calcification temperatures of G. bulloides and G.
ruber, and c) the calcification temperatures of G. bulloides. The calcification temperature of G.
bulloides is calculated by subtracting the calcification temperature difference between both species
from the calcification temperature of G. ruber. In our calculation of the error bars, we have included
the error associated with the Mg/Ca temperature estimates of 0.73ºC (1σ), and the long-term
external reproducibility of oxygen isotope measurements of 0.07‰ (1σ), equivalent to 0.32ºC.
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5.4. Results
5.4.1 Ba and Ba/Al
The data, depicted in Fig. 5.1, show that NIOP929 Ba/Al and Ba records displayed low values at
the start of the record. In the Ba record, these low values are followed by an accelerated rise
resulting in a local maximum at 136 ka BP. At 133 ka BP the values dropped sharply, and stayed
at fully glacial (low) levels for 6000 years. The Ba/Al record remains low until the end of this
period. At 127 ka BP both records sharply rose again, diverging after this increase. Ba/Al reached
maximum values at 123 ka BP and Ba at 121 ka BP. After this maximum, Ba/Al generally displays
the same pattern as δ18Orub and SMS, except for elevated values around 113 ka BP. Ba stays high
for several thousand years and converges with Ba/Al again around 113 ka BP.
5.4.2 Oxygen isotopes
The NIOP929 δ18O records of G. ruber and G. bulloides are used to construct the ∆δ18Orub-bul
seasonal SST contrast proxy record. Fig. 5.1 shows that the separate δ18O records display a
generally similar pattern. δ18Obul and δ18Orub both range from roughly 0‰ in the late glacial to -2‰
during the peak interglacial, with values around -1.3‰ in MIS 5c. The largest differences between
both δ18O records are observed at the onset of Termination II, and in MIS 5d, where δ18Obul is
considerably heavier. This is clearly reflected in ∆δ18Orub-bul, which showed on average positive
values (~0.1‰) from 152 to 137 ka BP, followed by a shift from 137 to 135 ka BP towards
negative values, which prevailed from 135 to 108 ka BP. From 108 to 94 ka BP, the record
showed alternating positive and negative values. Maximum values occur in the periods 152-137
ka BP and 106-98 ka BP, while minimum values, down to -0.8‰, occur in the period 119-110 ka
BP.
5.4.3 Mg/Ca derived SST
Mg/Ca based SST, which shows a general similarity with δ18Orub (Fig. 5.1), is used to construct
the seasonal SST records. The most conspicuous difference between SST and δ18O is the earlier
onset of the glacial-interglacial transition in the Mg/Ca SST record at 137 ka BP, which ends in a
maximum of 26ºC at 127 ka BP. The high temperatures associated with MIS 5e were maintained
for ~4000 years.
Fig. 5.3 (opposite page) The Core NIOP929 ∆δ18Orub-bul / ∆Tcrub-bul record and reconstructed
seasonal SSTs records. a: the ∆δ18Orub-bul / ∆Tcrub-bul record. Indicated are the periods with different
monsoon systems: the glacial system with weak southwest monsoon (SWM) and strong northeast
monsoon (NEM), the modern monsoon system with strong southwest monsoon and weak northeast
monsoon, and the stadial system with variable monsoon intensities. b: smoothed reconstructed
seasonal SSTs of Core NIOP929, calculated using modern day values for r and b (b=0.91). Raw
data in grey, overlain by the filtered records (cutoff frequency 1/1500 years). Dashed line: winter
SST (TSW). Solid line: summer SST (TNE). c: smoothed seasonal SSTs (cutoff frequency 1/1500
years), calculated assuming increased winter calcification of G. bulloides. (b=0.73). These records
are provided as an indication for the sensitivity of the method to changes in seasonal distribution.
Notice that the pattern does not drastically change.
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5.4.4 Calcification temperatures
The calcification temperatures of G. ruber and G. bulloides, and the difference between them, are
shown in Fig. 5.2. The trend in Mg/Ca of low temperatures in MIS 6, high temperatures in MIS
5e and 5d, and intermediate temperatures in MIS 5c is robust. The difference in calcification
temperatures as derived from ∆δ18Orub-bul shows that Tcbul does not significantly differ from Tcrub in
MIS 6, and ∆Trub-bul varies between -1ºC and +4ºC in MIS 5e and 5d. In MIS 5c, ∆Trub-bul varies
between -1ºC and +1ºC. The trend in Tcbul, with intermediate temperatures in MIS 6, low
temperatures around 132 and 112 ka BP, and high temperatures during the deglaciation and in
MIS 5c, is also robust.
5.4.5 Seasonal SSTs
The seasonal SST time series, calculated with modern seasonal distribution of the foraminifera,
(Fig. 5.3) show that TSW closely resembles Tcbul, due to the assumed dominance of summer
calcification of this species. The values of TSW range between ~23ºC and ~26ºC. TNE was
comparable to TSW (at ~23ºC) in MIS 6, until the approximate onset of the deglaciation (135 ka
BP), where TNE started to rise. Maximum TNE of ~28ºC is found between 132 and 117 ka BP.
From 109 ka BP on, TNE was statistically indistinguishable from TSW (at ~25ºC) again. Seasonal
SST contrast varied between ~0ºC in MIS 6 and MIS 5c and 7.5ºC (TSW ~22ºC, TNE ~30ºC) in
MIS 5d. The difference between calcification temperature contrast and seasonal temperature
contrast is caused by the assumption on roughly equal growth of G. ruber in both monsoon
seasons. Fig. 5.3c shows that, with a fraction of the G. bulloides population three times higher
than in the modern day (b = 0.73), the total range of the temperature reconstructions increases by
approximately a factor 2, but the overall shape of the curves as described above remains the same.
5.5. Discussion
5.5.1 Monsoon evolution from 152 to 94 ka BP
The Termination II series offers a view onto monsoon development over an entire glacial cycle in
the western Arabian Sea. The SW monsoon dominated SST system was established ~8 ka before
Termination II at 127 ka BP as defined by Martinson [1987], and continued into MIS 5d, with a
duration of 27 ka (Fig. 5.3). During MIS 5d high ∆Tcrub-bul values prevailed, which may have been
caused by strong SW monsoon winds forcing upwelling of cold water. The early onset at 135 ka
Fig. 5.4 (opposite page) The reconstructed western Arabian Sea summer SST record compared with
several insolation indices that have been proposed in relation to monsoon forcing. Low summer SSTs
are associated with strong upwelling and thus high summer monsoon intensity. To enhance
comparability, all insolation indices therefore are plotted on inverted scales, except for precession
since minimum precession enhances monsoon intensity [e.g. Tuenter et al., 2003]. The NIOP929
summer SST record shows no considerable similarity with these orbital parameters (a, b). Northern
hemisphere summer insolation is dominated by obliquity and precession and thus also shows no
similarity (c). The Indian Summer Monsoon Index [Leuschner and Sirocko, 2003, not shown] is in
phase with NH August insolation (c). The spring-autumn (Mar-Sep) insolation gradient at the
Equator [Kukla et al., 2002] shows a certain similarity to the summer SST record (d), but appears to
lead by ~3000 years. The Equatorial Feb-Aug insolation gradient shows a reasonable fit to the
summer SST data.
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BP occurred in a glacial period, and the SW monsoon maximum occurred during MIS 5d, when
not only global ice volume was rapidly increasing [Eisenhauer et al., 1996; Lisiecki and Raymo,
2005; Martinson, 1987], but also northern hemisphere summer insolation was (sub-)minimal
[Berger, 1978].
The drop in ∆Tcrub-bul at ~131 ka BP coincides with a drop in sea level [Siddall et al., 2006], but
since the cause of the high ∆Tcrub-bul values before this drop is not clear we cannot constrain if, or
even how, these phenomena are related. Changes in the seasonal distribution of G. bulloides and
G. ruber would affect the calculated seasonal SST contrasts; however, the ∆Tcrub-bul values during
MIS 5d cannot be explained by a seasonal SST contrast of less than 3ºC, which is equivalent to
Holocene values. A strong SW monsoon prevails well into stadial period 5d (Fig. 5.3), suggesting
that once established, it remains stable over a wide range of boundary conditions. Following the
breakdown of the seasonal SST contrast at 108 ka BP, the monsoon proxy records do no
resemble those of the last glacial, but those found during Termination Ib. This onset in a glacial
and decline in a stadial period are surprising, since such cold periods are not thought to be
associated with the strong SW and weak NE monsoons that could have caused such positive
∆Tcrub-bul values. During glacials, continental temperatures and atmospheric CO2 content are low
[Barnola et al., 1987; Petit et al., 1999], which would both have promoted strong NE and weak
SW monsoons. Our data suggest that these factors are secondary to insolation. The proxy records
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Fig. 5.5 The NIOP929 winter SST compared to the Vostok δD and CO2 records [Barnola et al.,
1987; Petit et al., 1999]. All records mainly show the global glacial-interglacial pattern. To
emphasize the similarity between Arabian Sea winter SST and Vostok CO2 a projection of the latter
is superimposed onto the former.
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for summer and winter SST provide clues on possible forcing mechanisms of the SW and NE
monsoon system, respectively.
5.5.2 Monsoon forcing
Solar energy is the driving power of the monsoon system, and the orbital parameters determine its
temporal and spatial distribution over the top of the atmosphere. When evaluating possible
aspects of insolation as a monsoon forcing agent we therefore first consider the orbital
parameters. We disregard eccentricity due to the limited time coverage of our records. As
greenhouse gases modify the effect of insolation we consider these as well. We compare our
records to these forcing indices, but rather as an informative exercise, since the robustness of the
data cannot be established, as we can for Tcrub and Tcbul. Fig. 5.4 shows that our summer SST
record, in which low temperatures indicate strong upwelling and thus a strong summer monsoon,
shows no considerable coherence with either minimum precession or maximum obliquity. The
dominant (low) frequency at which the summer SST fluctuates is of the same order as that of the
precession cycle, which may indicate an influence of precession, although modified, as the phasing
is dissimilar. Continental ice cover and atmospheric greenhouse gas concentration vary at lower
frequencies (Fig. 5.5). Clemens and Prell [2003] suggested a 8 ka lag of monsoon intensity to
precession due to latent heat transport. In our record, minimum SST lags minimum precession by
~12 ka.
Many more specific forcing agents of the summer monsoon have been suggested, such as July
insolation at 60ºN [Kutzbach, 1981], 30ºN-30ºS summer insolation, called the Indian Summer
Monsoon Index (ISMI) [Leuschner and Sirocko, 2003], and the difference between March and
September insolation at the equator [Kukla et al., 2002]. Our data do not support the 60ºN
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Fig. 5.6 The Core NIOP929 Ba (solid line) and Ba/Al (dotted line) records compared to the Summer
Monsoon Stack (SMS) of Clemens and Prell, [2003]. The general trends in both records are
comparable.
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summer insolation forcing hypothesis, as maximum insolation consistently occurs closer to
maximum SST than to minimum SST (Fig. 5.4). To fit our data with 60ºN summer insolation, a
lag of ~10 (August) to ~14 (June) ka would need to be invoked. The ISMI of Leuschner and
Sirocko [2003] is in phase with northern hemisphere August insolation. The equatorial index of
Kukla et al [2002] moderately resembles the summer SST record, but appears to lead this by a
few thousand years. When not the March-September gradient but the February-August gradient is
considered, there is a reasonable fit with the data (Fig. 5.4). High equatorial February insolation
may be beneficial for the Indian monsoon due to consequent heat storage in the Indian Ocean
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surface waters in boreal winter. Low February insolation may lead to enhanced heat release in
boreal summer. A similar mechanism was proposed by Schmiedl and Leuschner [2005]. The
importance of August insolation is also in line with the findings of Reichart [1997].
We also present an evaluation of possible forcing of TNE. As can be seen in Fig. 5.5, winter SST is
remarkably similar to Vostok ice core δD (a temperature proxy) and CO2 (which acts as a
feedback on temperature changes) [Barnola et al., 1987; Petit et al., 1999]. The observed
similarity suggests winter SST is not driven by precession-dominated monsoon forcing, but by
lower frequency (mainly 41 and 100 ka) cycles, similar to the East Asian monsoon system [Jian et
al., 2001]. The wavelength of the winter SST changes is larger than that of global sea level
[Lisiecki and Raymo, 2005] and thus of continental ice volume, implying glacial boundary
conditions are not the dominant factor. A direct link between Antarctic climate and Arabian Sea
winter SST could be explained by an atmospheric connection [Grassi et al., 2006].
5.5.3 Comparison of various proxies
In order to cover multiple aspects of the Core NIOP929 Termination II monsoon evolution, we
discuss several different monsoon proxy records. In the Arabian Sea, productivity largely depends
on the SW monsoon [e.g Conan and Brummer, 2000; Curry et al., 1992], and many proxies of
summer monsoon intensity rely on productivity. The Ba and Ba/Al productivity records (Fig. 5.6)
generally resemble the Summer Monsoon Stack (SMS) of Clemens and Prell [2003], which is
largely a productivity stack. Only in the period 120-108 ka BP the three records diverge. The
coincidence of this period of variability in the productivity records with maximum summer
monsoon intensity as indicated by the ∆δ18O record could point to local influences dominating in
this period. The overall similarity of the three records indicates they generally reflect the regional
productivity evolution. Ba and Ba/Al show a markedly different pattern compared to the seasonal
SST (contrast), suggesting that seasonal SST (contrast) and productivity are largely decoupled.
This phenomenon has also been found by e.g. Reichart et al. [1998], who suggested changes in
intermediate water circulation as an additional influence on the Ba/Al signal. The similarity of
productivity records from widespread locations in the Arabian Sea (ODP722 & RC27-61
[Clemens and Prell, 2003], NIOP464 [Reichart et al., 1997]) and NIOP929 (this study)) that are
characterized by very different SST regimes is another indication for a decoupling of productivity
and SST.
5.5.4 Comparison of Termination I and II
We now evaluate the differences between the last two Terminations. To facilitate the comparison,
we aligned them, taking as tie points the δ18Orub minima at 8 and 123.5 ka BP, and the δ18Orub
maxima at 15 and 131 ka BP.
A comparison of both δ18Orub records (Fig. 5.7) shows that these are highly similar, with
pronounced low δ18O events at the onset of the deglaciation, and a general trend of 0.2‰ ka-1
during the main part of the deglaciation. Only during part of Termination II, from ~130.5 to 125.5
ka BP, the δ18Orub values are slightly more negative (~0.3‰) than those during the comparable
period in TI. The two δ18Obul records differ in the first half of the Terminations, and converge at
the end of the YD. These different patterns lead to the strongly differing ∆Tcrub-bul records that are
offset by ~2ºC during the deglaciation, with the TII values being consistently positive and the TI
values being largely negative. However, the ∆Tcrub-bul values are similar in the following
Chapter 5: monsoon forcing on seasonal SSTs
136
interglacials. During both Terminations, values of δ18Ow were comparable (Fig. 5.7), indicating no
large difference between the combined effect of global sea level and evaporation-precipitation
balance.
The Mg/Ca SSTs in TII are generally higher than in TI (Fig. 5.7), with an average offset of ~1ºC
and a difference of ~1.5ºC around the interglacial maximum, which corresponds with the
difference in δ18O. This 1.4ºC SST difference is in line with the ~1ºC difference found by Emeis et
al. [1995] in the Uk’37 SST record of ODP site 723 in the northwestern Arabian Sea. The
reconstructed seasonal temperatures suggest that during TII, TSW covered the range of TI glacial
to interglacial values (Fig. 5.7). TNE is, from 136 ka BP on, comparable with early Holocene
values. In glacial periods (MIS 2 and 6), winters were up to 2ºC colder than summers. In the
interglacial periods, summers were typically ~2.5ºC colder than winters, with a maximum
difference of 7.5ºC.
The ranges in amplitude of the ∆Tcrub-bul and seasonal SST records do not strongly differ between
the Terminations. The only significant exception is the offset in Mg/Ca SST. The timing of the
∆Tcrub-bul and seasonal SST records differs strongly; consistently lower summer than winter SSTs
already occur at the onset of Termination II, while their first appearance in the last 20 ka is at the
end of Termination I. This suggests that in TII the SW monsoon was established much earlier than
in TI, which neither solar insolation nor atmospheric CO2 (Figs. 5.4 and 5.5) [Monnin et al.,
2004; Petit et al., 1999] can account for. We propose this difference is related to reduced Tibetan
ice cover during the penultimate deglaciation with respect to the last deglaciation, which would
have led to lower continental albedo, and thus weaker NE and stronger SW monsoon.
During Termination I, we do not find an age offset between the onset of deglacial warming in the
Mg/Ca SST record and the δ18O decrease (Fig. 5.7) at 17 ka BP. For Termination II, Mg/Ca based
SST leads δ18O by 6500 years (Fig. 5.7). Such a large lead of SST to δ18O is also seen in the
records of Schneider et al. [1999] and references therein], which are named “type 1 records” and
are characterized by a warm MIS 6, and a large lead of Uk’37 SST with respect to δ18O. These are
seen in all tropical basins, with the exception of Atlantic upwelling areas. Schneider et al. [1999]
attribute this pattern to some unknown tropical forcing mechanism. Larger SST leads in TII than
in TI are found in many records [e.g. Bard et al., 1997; Hinrichs et al., 1997; Lea et al., 2002;
Mashiotta et al., 1999; Pichon et al., 1992; Visser et al., 2003], suggesting a (semi-)global
mechanism, such as, for instance, a difference in the thermal inertia of the respective glacial ice
sheets.
5.6. Conclusions
We have presented new monsoon proxy records for the period 152-94 ka BP in Core NIOP929.
The ∆Tcrub-bul seasonal SST contrast proxy record suggests that a modern monsoon system at the
location of Core NIOP929 persisted from 135 to 108 ka BP, lasting 27,000 years. The associated
maximum seasonal contrast calculated for this period occurred in MIS 5d (118 ka BP) and is
7.5ºC; slightly higher than the associated Holocene values.
The Core NIOP929 Ba and Ba/Al productivity records are in line with the SMS of Clemens and
Prell [2003], but appear to be decoupled from the monsoon influenced (seasonal) SST proxy
records.
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Winter SST evolution closely resembles the Vostok δD and CO2 content records, which suggests
that winter SST is forced by southern high latitude climate. The summer SST record does not
corroborate northern hemisphere summer insolation as a monsoon forcing agent. Summer SST
evolution varies with a frequency comparable to that of precession, and is roughly in line with the
equatorial February-August insolation gradient, which may point to the influence of latent heat
transport.
Terminations I and II only differ slightly in the absolute values of δ18O and (seasonal) SST while
the interglacial following Termination II is ~1.5ºC warmer than that following Termination I. The
timing of the seasonal SSTs (and thus the seasonal contrast) strongly differs as during Termination
II these parameters reach their interglacial values much (>10 ka) earlier than during Termination I.
The reason for this phenomenon is not yet clear.
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Western Arabian Sea and high latitude records
of Terminations I and II: implications for
deglacial climate forcing
M.H. Saher, D. Kroon, S.J.A. Jung and D.M. Roche
6.1. Abstract
A comparison of western Arabian Sea δ18O and (seasonal) SST records over Termination II with
high latitude climate records shows that western Arabian SST varies in phase with Vostok δD and
CO2 concentration. Arabian Sea δ18O lags these Vostok records by 6 ka. The δ18Ow values derived
from western Arabian Sea δ18O and SST records vary in phase with North Atlantic SST.
Productivity is lowest in the Arabian Sea when Antarctic temperature is high and North Atlantic
temperature is lowest. These relationships are also found in Termination I, although some of the
observed relationships are somewhat weaker in this period. These phase relationships support the
hypothesis that the low latitude oceans are the main engine of global climate change, and that they
are directly (atmospherically) connected with Antarctica. The means by which the tropical oceans
force northern hemisphere climate change may be either atmospheric, with tropical SSTs
dominating atmospheric water vapour and CO2 content, or oceanic, with the variability of warm
water influx from the Indian to the Atlantic Ocean regulating North Atlantic climate. Arabian Sea
productivity is suggested to be influenced by North Atlantic climate, probably through Eurasian
temperatures and their effect on the summer monsoon. The pattern of seasonal SSTs in the
Arabian Sea suggests that the effect of hydrographic changes related to North Atlantic cold events
on western Arabian Sea SST overwrites the effect of monsoon changes on SST.
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6.2. Introduction
The Arabian Sea is a natural laboratory for (palaeo)climate studies of the processes that control
the Asian monsoon system. Previous studies have mainly reconstructed the Arabian monsoon
system on orbital to millennial scales [e.g. Clemens and Prell, 2003; Duplessy, 1982; Kroon et al.,
1991; Prell, 1979]. Recently, the centennial to millennial scale δ18O and (seasonal) SST records of
western Arabian Sea Core NIOP929 were evaluated in the light of the Indian monsoon system
and the regional hydrography (Chapters 2 to 5). The main findings of this work are that Arabian
Sea SST varies roughly in tune with the global glacial-interglacial cyclicity. A study of annual
average SST and seasonal SST, considered separately, shows that annual average and winter SST
display a roughly similar evolution, while summer SST differs strongly. Enhanced monsoon driven
upwelling of cold water in interglacial periods suppresses SST rise in summer. On a millennial to
centennial scale, SST changes occur that most likely result from hydrographic changes, such as
changing inflow of water from the Pacific Ocean, or varying intensity of Agulhas Leakage. In the
present chapter we will place the Core NIOP929 results in a global perspective. This approach
comprises a comparison of the Core NIOP929 δ18O and Mg/Ca derived SST records with high
latitude ice core δ18O and δD records and a North Atlantic SST record across Terminations I and
II. Of particular interest is the timing of SST change in the western Arabian Sea as compared to
the timing of high latitude climate change during deglacial periods.
The discussion on the phasing of climate change in the high and low latitudes, and its implications,
is ongoing. A temperature lead of the high southern latitudes with respect to the high northern
latitudes was observed by many workers [e.g. Broecker and Henderson, 1998; Shackleton et al.,
2003]. The role of the tropical regions in controlling this out-of-phase climate change is intensely
North GRIP
K708-1
NIOP929
KL111 & KL136
EPICA
Vostok
Fig. 6.1 Locations of marine Cores NIOP929 [Ivanova, 1999], 111KL & 136 KL [Schulz et al.,
1998], and KL708-1[Imbrie et al., 1992], and ice cores North Grip [North Greenland Ice Core
Project members, 2004], Vostok [Barnola et al., 1987; Petit et al., 1999], and EPICA [Monnin et
al., 2004].
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debated. Several authors have shown that tropical warming was (approximately) synchronous
with southern hemisphere temperature rise [Lea et al., 2000; Seltzer et al., 2002; Visser et al.,
2003]. This low latitude temperature lead was particularly noticed in the Indo-Pacific Warm Pool
(IPWP) [Visser et al., 2003] and the equatorial Pacific [Lea et al., 2000]. The respective authors
suggested that tropical Pacific SST was crucial in changing the evaporation/precipitation balance,
forcing an increase in atmospheric water vapour and CO2 content that may have influenced global
climate development. One aim of this manuscript is to verify if the same relationship applies for
the western Arabian Sea. This may provide a clue for whether the low latitude Pacific and Indian
Ocean act as a whole in forcing global climate.
We also assess the role of North Atlantic ice rafting events, or Heinrich events, on the observed
temperature phasing between the latitudes. Heinrich events release large quantities of fresh water
into the North Atlantic [Heinrich, 1988], lowering local sea surface temperatures [Bond et al.,
1993] and weakening the thermohaline circulation (THC) [Sarnthein et al., 1994; Vidal et al.,
1997]. This leads to reduced poleward heat transport, and thus to heat accumulation in the lower
latitudes [Rühlemann et al., 1999]. Workers have previously demonstrated that during the time
equivalent of Heinrich events, productivity in the Arabian Sea was low [Ivanochko et al., 2005;
Reichart et al., 2002; Schulz et al., 1998; Sirocko et al., 1996]. Schulte and Müller [2001]
demonstrated low northeastern Arabian Sea SSTs during the time equivalents of Heinrich events
1-6. In Chapters 2 and 3 we have shown that in the western Arabian Sea, however, low
productivity associated with Heinrich event 1 was coupled with high SSTs. We aim to establish if
this relationship also holds for Heinrich event 11, which is also covered in Core NIOP929. The
seasonal SST records (Chapter 4) may give insight into the mechanism by which climate in the
Arabian Sea relates to Heinrich events.
6.3. Deglacial timing: Termination II
To elucidate the phasing of climate change in the tropical setting of the western Arabian Sea with
climate change in the (mid- to) high latitudes across Terminations I and II we compare the SST
records with Antarctic δD [Petit et al., 1999] and CO2 [Barnola et al., 1987] records and the SST
record of North Atlantic Core K708-1 (50.00ºN, 23.44ºW, 4053 m water depth; Imbrie et al.
[1992]). The locations of these cores are given in Fig. 6.1. Fig. 6.2 compares various climate
records from the Arabian Sea and Antarctica. Over Termination II, the midpoint of the deglacial
SST rise in Core NIOP929 is roughly synchronous with the Termination midpoint in the Vostok
δD and CO2 content records [Petit et al., 1999], while the Termination midpoint in the Core
NIOP929 δ18O record lags by 6 ka. The synchronicity of Vostok CO2 concentration and Arabian
Sea SST is identical to the relation between these factors found by Visser et al. [2003]. In
addition, low Ba/Al values in Core NIOP929 imply minimum productivity when Antarctic
temperature is highest. This phasing is opposite to the observed relation between Arabian Sea
productivity and Arctic temperatures [Ivanochko et al., 2005; Reichart et al., 2002; Schulz et al.,
1998; Sirocko et al., 1996].
Fig. 6.3 compares our records with the mid- to high latitude northern hemisphere SST record of
Core K708-1 [Imbrie et al., 1992]. Both the δ18O and Mg/Ca SST records of Core NIOP929 lead
North Atlantic SST by several thousand years. Heinrich event 11 (H11) is synchronous with
lowest productivity values and relatively high SSTs in the Arabian Sea, i.e. when summer and
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Fig. 6.2 Western Arabian Sea records compared with Antarctic records over Termination II: the Core
NIOP929 δ18O, SST and productivity records compared with Vostok δD and CO2 data. a: NIOP929
Ba/Al intensity, a productivity proxy; b: Vostok δD [Petit et al., 1999]; c: Vostok CO2 concentration
[Barnola et al., 1987]; d: NIOP929 δ18O; e: NIOP929 Mg/Ca derived SST. Vertical grey bars are
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winter SST are considered separately (Figs. 6.3e and f), both display relatively high values at the
time of H11.
In order to enhance the comparability of Arabian Sea SST with high latitude temperature records
and global ice volume, we plotted temperature proxy records of both (mid- to) high latitude
regions with our SST record (Fig. 6.4). Additionally, we calculated δ18Ow as a global sea level
proxy. For details on the calculation see Chapter 3. The similarity of Arabian Sea δ18Ow with NH
SST variability is remarkable. This similarity implies that the waxing and waning of the northern
hemisphere ice sheets along with the glacial-interglacial transition dictate global ice volume and
thereby oceanic δ18Ow. Roughly 1.1 to 1.2‰ of the glacial-interglacial δ18Ow difference of 1.5‰
(Fig. 6.4) can be attributed to this global ice volume effect [Lea et al., 2002; Waelbroeck et al.,
2002]. The remaining change of 0.3 to 0.4‰ points to local evaporation-precipitation (E-P)
fluctuations.
6.4. Deglacial timing: Termination I
In order to assess the implications of the results of the Termination II comparison between
western Arabian Sea and high latitude climate records, we make the same comparisons for
Termination I. As in the previous section, we first compare our western Arabian Sea records with
Antarctic temperature and CO2 content records (Fig. 6.5). The onset of the deglacial δD rise in
Vostok at 17 ka BP is roughly synchronous with a pronounced warming in the Mg/Ca SST record
and a drop in δ18O in Core NIOP929. The smaller or absent offset between tropical SST and δ18O
in Termination I with respect to Termination II has been previously reported by Bard et al.
[1987], Broecker [1998] and Pichon et al. [1992]. Similar to Termination II, lowest Arabian Sea
productivity values coincide with rising Antarctic temperature.
When comparing the Termination I low latitude records with the North GRIP δ18O record [North
Greenland Ice Core Project members, 2004] (Fig. 6.6), it can be seen that the Core NIOP929
deglacial SST rise leads the Greenland temperature rise by several thousand years, and displays its
maximum values when the North GRIP δ18O record indicated peak glacial conditions. This pattern
suggests that the tropical temperature evolution, in this case that of the western Arabian Sea,
indeed leads North Atlantic climate, and shows an apparent negative correlation during the
deglaciation. In Fig. 6.6, the synchronous occurrence of lowest Arabian Sea productivity as
deduced from total organic carbon (TOC) concentrations with low North Atlantic temperatures is
evident. The high Mg/Ca SSTs in Core NIOP929 during the time equivalent of H1 appear to be
equally due to summer and winter SST, similar to the situation at the time of H11 (Fig. 6.3). High
SST during the Younger Dryas (YD) are mainly due to high winter SST, which suggests that the
drop in productivity is not caused by a reduction in summer upwelling, as this would lead to a
stronger imprint on the summer SST record.
Fig. 6.3 (previous page) Western Arabian Sea records compared with North Atlantic records over
Termination II: the Core NIOP929 δ18O, (seasonal) SST and productivity records compared with
North Atlantic Core K708-1 SST data. a: NIOP929 Ba/Al intensity, a productivity proxy; b: K708-1
SST [Imbrie et al., 1992]; c: NIOP929 δ18O; d: NIOP929 Mg/Ca derived SST; e: NIOP929 summer
SST; f: NIOP929 winter SST. Vertical grey bars are visual aids to enhance comparison of phasing.
H11: Heinrich event 11 as demarcated by van Kreveld et al. [1996].
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Fig. 6.4 Western Arabian Sea records compared with both northern and southern hemisphere high
latitude records over Termination II: the Core NIOP929 δ18Ow and SST records compared with
Vostok δD and Core K708-1 SST data. a: Vostok δD [Petit et al., 1999]; b: NIOP929 Mg/Ca
derived SST; c: NIOP929 δ18Ow; d: K708-1 SST [Imbrie et al., 1992]. Vertical grey bars are visual
aids to enhance comparison of phasing. H11: Heinrich event 11 as demarcated by van Kreveld et al.
[1996].
Chapter 6: deglacial climate forcing
150
0 5 10 15 20
0.0
1.0
0.2
0.4
0.6
0.8
1.2
0
1
2
3
4
5
136KL TOC
111KL TOC
NIOP929 TOC
H1ACR
a
b
c
d
e
f
-2.5
-2.0
-1.5
-1.0
-0.5
0.0
0.5
-500
-480
-460
-440
-420
20
21
22
23
24
25
26
NIP929 δ18O G. ruber
NIOP929 Mg/Ca SST
δ18
O
 (‰
 V
P
D
B
)
S
S
T (°C
)
S
S
T (°C
)
200
240
280EPICA CO2
C
O
2 (ppm
v)
C
O
2 (ppm
v)
Vostok δD
δD
%
TO
C
age (ka BP)
%
TO
C
Vostok CO2
151
Chapter 6: deglacial climate forcing
-32
-36
-40
-44
0 5 10 15 20
20
21
22
23
24
25
26
0
1
2
3
4
5
H1YD
21
23
25
27
29
21
23
25
27
29
a
b
c
d
e
f
g
0.0
1.0
0.2
0.4
0.6
0.8
1.2
136KL TOC
111KL TOC
NIP929 δ18O G. ruber
NIOP929 Mg/Ca SST
%
TO
C
NIOP929 TOC
%
TO
C
age (ka BP)
NIOP929 summer SST
NIOP929 winter SST
S
S
T 
(°
C
)
S
S
T 
(°
C
)
w
in
te
r S
S
T 
(°
C
)
w
in
te
r S
S
T 
(°
C
)
sum
m
er S
S
T (°C
)
sum
m
er S
S
T (°C
)
-2.5
-2.0
-1.5
-1.0
-0.5
0.0
0.5
δ 18O
 (‰
 V
P
D
B
)
δ18
O
 (‰
 V
P
D
B
)
North GRIP δ18O
Chapter 6: deglacial climate forcing
152
A direct comparison of both northern and southern hemisphere ice core records with western
Arabian Sea SST and δ18O
w
 (Fig. 6.7) shows that Greenland temperature change lags the tropical
δ18O and SST records, but is roughly synchronous with tropical δ18Ow. This is a pattern
comparable to that seen in Termination II (Fig. 6.4). These findings corroborate the hypothesis of
Visser et al. [2003], i.e. that the low latitudes exert a significant control on the phasing of global
climate changes.
The comparison of the Core NIOP929 δ18O record with high latitude ice records allows us to
discuss the nature of the deglacial pause in relation to the YD (Fig. 6.6) and Antarctic cold
reversal (ACR) (Fig. 6.5). The δ18O record of Core NIOP929 displays a deglaciation pause in
Termination I, between 14 and 12 ka BP (Figs. 6.5, 6.6). The succession of shifts in the δ18O
record deviates from the “standard” record by showing additional events. At the onset of the
deglacial pause a short-lived δ18O maximum around 13.7 ka BP occurs. Subsequently, a sharp
δ18O decrease at 13.5 ka BP terminates this brief interval. A second δ18O maximum is found at
12.6 to 12.2 ka BP. This sequence of events neither fully resembles the northern hemisphere
Bølling-Allerød (B-A) and YD pattern [e.g. Shackleton et al., 2000] (Fig. 6.6) nor fully resembles
the temporal structure of the southern hemisphere ACR [Jouzel et al., 1987; Petit et al., 1999]
(Fig. 6.5). Compared to the northern hemisphere, in particular the timing of the δ18O maximum at
13.7 ka BP does not coincide with that of the YD. Terminated around 13.5 ka BP it precedes the
YD, which occurs in the North Atlantic at 12.8-11.6 ka BP [Bard and Kromer, 1995; Blunier et
al., 1997; Johnsen et al., 1992], by ~1000 years. Based on an AMS 14C dated chronology alone,
an offset of 1000 years could still be within the age uncertainties of the radiocarbon method.
Given the overall structure of the deglacial pause in Core NIOP929 (Figs. 6.5 and 6.6), however,
in particular based on the occurrence of a second (“late”) δ18O maximum at 12.6-12.2 ka BP, we
believe that the “early” δ18O maximum rather reflects the timing of the ACR [Jouzel et al., 1995]
in the southern hemisphere than that of the YD. The “late” δ18O maximum at 12.6-12.2 ka BP falls
roughly within the YD time frame as defined in the North Atlantic region [Bard and Kromer,
1995, and references therein]. If this correlation were true, it is interesting to note that neither of
Fig. 6.5 (page 150)  Western Arabian Sea records compared with Antarctic records over Termination
I: western Arabian δ18O, SST and productivity records compared with Vostok δD and Vostok and
EPICA CO2 data. a: NIOP929 %TOC, a productivity proxy; b: SO93-136KL and SO93-111KL
%TOC records [Schulz et al., 1998]; c: Vostok δD [Petit et al., 1999]; d: Vostok [Barnola et al.,
1987] and EPICA [Monnin et al., 2004] CO2 concentration; d: NIOP929 δ18O, raw data and filtered
record; e: NIOP929 Mg/Ca derived SST raw data and filtered record. Vertical grey bars are visual
aids to enhance comparison of phasing. The Cores 111KL and 136KL and EPICA records are plotted
in order to corroborate the lower resolution Core NIOP929 and Vostok records. ACR: Antarctic Cold
Reversal as demarcated by Blunier et al. [1997].
Fig. 6.6 (page 151) Western Arabian Sea records compared with North Atlantic records over
Termination I: the Core NIOP929 δ18O, (seasonal) SST and productivity records compared with
North North GRIP δ18O data. a: NIOP929 %TOC, a productivity proxy; b: SO93-136KL and SO93-
111KL %TOC records [Schulz et al., 1998]; c: North GRIP δ18O [North Greenland Ice Core Project
members, 2004]; d: NIOP929 δ18O, raw data and filtered record; e: NIOP929 Mg/Ca derived SST,
raw data and filtered record; f: NIOP929 summer SST, raw data and filtered record; g: NIOP929
winter SST, raw data and filtered record. Vertical grey bars are visual aids to enhance comparison of
phasing. H1: Heinrich event 1 as demarcated by Kiefer and Kienast [2005]; YD: Younger Dryas as
demarcated by Blunier et al. [1997].
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the δ18O maxima in Core NIOP929 occurs precisely during the time period of the respective
northern and southern hemisphere events. This finding may point to a further complication in
identifying and dating climate events in the Arabian Sea. Potential shifts in the “hemispheric
dominance” in the Arabian Sea probably imply that in such a mix zone, northern and southern
hemisphere driven events may interfere with each other, or even cancel out. Consequently, the
timing of specific events probably deviates from that of its northern and southern hemisphere end
members, as found in Core NIOP929.
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Fig. 6.7 Western Arabian Sea records compared with both northern and southern hemisphere high
latitude records over Termination I: the Core NIOP929 δ18Ow and SST records compared with
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6.5. Discussion
Our data show that temperature changes in the Arabian Sea and Antarctica occur synchronously,
and that both lead high northern latitude SST change during deglaciations. These findings add to
the growing body of evidence that Antarctica and the tropics are directly atmospherically linked,
resulting in synchronous climate change in these regions, and a lead with respect to the northern
high latitudes. Grassi et al. [2006] proposed a mechanism that explains the synchronicity of the
tropics and Antarctica through an atmospheric connection. This mechanism relies on tropical SST
anomalies generating an invigorated lower atmospheric jet, which in turn modulates atmospheric
waves at the high southern latitudes. The mechanism proposed by e.g. Visser et al. [2003] for
Fig. 6.8 The Indian Ocean SST pattern resulting from a model simulation of a North Atlantic melt
water pulse. The experiment mimics the effect of a Heinrich event. A general warming, comparable
to that observed in the data (Figs. 6.4 and 6.5) is generated over the entire basin. The strongest
warming occurs around 45ºS, caused by increased Agulhas retroflection. A colour version of this
figure can be found in appendix III.
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transferring heat from the south to the high northern latitudes concerns transport of water vapour,
and the greenhouse effect of CO2 released form tropical oceans. Furthermore, an influence of
tropical terrestrial climate is suggested by the similarity of Greenland climate with atmospheric
CH4, as methane is mainly released from tropical wetlands [Lea et al., 2000]. The delay of high
northern latitude climate change may be associated with the polar front climatically isolating the
northern hemisphere polar regions until ice cover had sufficiently receded, and the polar front
could move to its modern position [Bard et al., 1987].
The climate history of the high northern latitudes has also been thoroughly affected by direct and
indirect effects of continental ice melting, as the Heinrich events and the Younger Dryas illustrate.
The continental configuration at the northern high latitudes differs strongly from that at the
southern high latitudes, where continental Antarctica occupies the pole. This configuration allows
thermal insulation, and thus relatively high stability, of the Antarctic ice sheet. In the northern
polar regions, the continents are mainly located south of 70ºN (with the exception of Greenland),
and reach far south. This latter factor makes the development of a circumpolar current impossible.
Continental ice caps on the northern hemisphere can therefore only grow at relatively low
latitudes, where they are susceptible to the influence of heat influx from lower latitudes. These
factors make the northern ice sheets more vulnerable to climate change than the southern ice cap.
This may explain the strong and abrupt temperature oscillations of the northern hemisphere (e.g.
the Younger Dryas and Bølling-Allerød), while the southern hemisphere experiences more gradual
changes.
We propose an additional possible mechanism for (late) low latitude deglacial triggering. During
Heinrich events, THC was weak [Sarnthein et al., 1994]. Additionally, either THC shutdown, or a
northward shift of the southern hemisphere polar front at times of Heinrich events, may have
reduced Agulhas Leakage. These processes may have lead to heat piling up at the low latitudes.
This heat would be transported westward by the trade winds, and the heat content of both the
Pacific and Indian Oceans would concentrate in the western Indian Ocean.
A comparison to model results (Fig. 6.8) for a shutdown of the Atlantic Merdional Overturning
circulation (dynamically comparable to a Heinrich event) under glacial climate conditions indeed
shows a warming in the Indian Ocean. This is achieved by reduced Indian to Atlantic heat
transport during periods of reduced North Atlantic deep water formation. Although the model
does not explicitly simulate the high-resolution features of the Agulhas Leakage, it shows a
coastal current in the same region, acting in a similar way to exchange heat from the Indian Ocean
to the South Atlantic. The simulation displays stronger Agulhas retroflection in the Indian Ocean
at time of Meridional Overturning Circulation shutdown, therefore diminishing the heat export
from the Indian Ocean to the South Atlantic. Thus, the mechanism explaining heat build-up in the
Indian Ocean during periods with reduced North Atlantic deep water export is coherent with that
of Peeters et al., [2004]. These researchers indicated that Indian-Atlantic water transport is
strongest during deglaciations. It should be noted that if the qualitative agreement is good
between data and model, we do not expect a perfect match. Indeed, Fig. 6.8 shows the maximum
response to a 300 years’ freshwaterpulse into the North Atlantic, undoubtedly smaller than the
one originating from the millennial-scale Heinrich event 1 [Hemming, 2004].
We find high Arabian Sea SSTs during H1 and H11, that both occur around the onset of a glacial
Termination. If the onset of strong Agulhas leakage at the end of a Heinrich event vented the
excess heat of the Indian Ocean into the Atlantic Ocean, a far field effect could be that this heat
pulse initiated melting of northern hemisphere ice. Possibly, the incoming heat from the Indian
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Ocean through the Gulf Stream was one of the agents that pushed the northern hemisphere polar
front northward, after which the ice sheets started to disintegrate, a.o. by means of Heinrich
events.
The relationship between North Atlantic SST and Arabian Sea productivity and SST during H1
(Chapters 2 and 3) is also found during H11. The conspicuous period of low productivity as
indicated by low Ba/Al values around 130 ka BP (Fig. 6.2 and 6.3) is synchronous with high
Arabian Sea SST, and low North Atlantic SSTs associated with H11. This correspondence
suggests a common mechanism. Surprisingly, the high SSTs are either attributable to summer and
winter SST in equal parts (H1, H11), or mostly attributable to winter SST (YD; Figs. 6.3 and
6.6). Productivity in the Arabian Sea occurs mainly during the summer monsoon season [Conan
and Brummer, 2000; Curry et al., 1992]. Low Ba/Al values therefore can be an indication of
weak summer monsoon. Another indication is that low North Atlantic temperatures during
Heinrich events coincide with low temperatures over Eurasia [Voelker, 2002]. This situation
promotes a weak summer monsoon and a strong winter monsoon, and would therefore be
associated with high summer SSTs (due to reduced upwelling) and low winter SSTs. A period of
weak summer monsoon at the time of H11 is e.g. found in the records of Kelly et al. [2006] and
Yuan et al. [2004], which is in line with the concept of the Indian and Asian monsoon systems
being connected [Jung et al., 2004]. However, we do not see this pattern in the Core NIOP929
seasonal SST records. If the summer SST records show rising or raised temperatures at the times
of North Atlantic cold periods at all (Fig. 6.3), this signal is equalled by the rise in winter SST. We
therefore propose that the oceanographic changes associated with Heinrich events as described
above overwrite the effect of monsoon winds on western Arabian Sea SSTs.
6.6. Conclusions
The comparison of the western Arabian Sea δ18O, δ18Ow, SST and productivity records with high
latitude ice records has yielded the following insights: the data show a synchronous evolution of
Arabian Sea SST and Antarctic CO2 and temperature changes, and a lagged response of North
Atlantic temperature change. This relative timing supports a tropical/Antarctic forcing of global
climate change. Beside the earlier suggested mechanisms we introduce a tropical mechanism to
trigger northern hemisphere deglacial ice melting, i.e. the piling up of heat in the Indian Ocean
due to reduced THC, invigorated trade winds, and a simultaneous reduction in Agulhas Leakage.
This heat may have overprinted the effect of monsoon winds modified by low continental
temperatures over Eurasia. The increased heat content of the Arabian Sea could then have been
released through renewed Agulhas Leakage into the Atlantic Ocean, where it could have
contributed to the melting of the northern hemisphere ice sheets.
We further demonstrated that the connection that was found for the last deglacial cycle between
North Atlantic low temperatures on one side and high SST/low productivity in the Arabian Sea on
the other is valid for the penultimate deglacial cycle as well. With Arabian Sea productivity mainly
taking place during the summer monsoon season, the low productivity values suggest a weakened
summer monsoon intensity. The seasonal SST records do not show the imprint of a weakened
summer monsoon, which would be expected to lead to anomalously high summer SSTs. This
pattern is most likely overwritten by the hydrographic changes that accompany North Atlantic
cold events.
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Epilogue & prospect
M.H. Saher
7.1. Introduction
In the preceding chapters, we have discussed in detail the various δ18O and SST records of the
periods 152-94 ka BP and 20-1 ka BP, including glacial Terminations I and II, as recorded in Core
NIOP929 from the western Arabian Sea, and their implications. This resulted in a monsoon
reconstruction for both periods, and a discussion on possible forcing mechanisms. I will here
recapitulate the results, and suggest future work. Furthermore, I briefly discuss the prognosis for
the Indian monsoon system, with emphasis on the summer monsoon because of its high societal
relevance.
7.2. Summary of the results
7.2.1 Proxy evaluation
The findings presented in this thesis can be subdivided into proxy evaluation and palaeoclimate
data. Regarding the proxy evaluation, we presented a new proxy for seasonal SST (Chapter 3),
and questioned what the Mg/Ca and Uk’37 palaeothermometry methods precisely document
(Chapter 4). Our new seasonal SST proxy is still in the development phase, but has already
yielded interesting results (Chapters 3 & 5). The advantage of calculating seasonal SSTs to annual
average SSTs, or flux weighted average calcification temperatures, is that seasonal SSTs give
information on palaeomonsoon intensity, and allow separate evaluation of summer and winter
monsoon forcing. Furthermore, they aid in untangling oceanic and atmospheric influences on the
SST evolution. Verification and development of this proxy will increase the robustness of the
results, and allows increased insight into past seasonal SST patterns.
The work performed on Uk’37 and Mg/Ca SST proxies has exposed some aspects that deserve
attention. In addition to previously known effects of dissolution and bioturbation, we analysed the
possible effects of the change in dominant alkenone producer at ~70 ka BP. Our data set further
indicates that the two proxies do not document the same aspect of sea water temperature, with
the Uk’37 method yielding higher values. This should especially be considered when comparing
proxy records from different locations.
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7.2.2 Palaeoclimate data
The SST proxy data presented in chapters 2 and 4 show that the Arabian Sea experienced early
deglacial warming in both Terminations I and II. The SST records of Core NIOP929 of both time
intervals studied show maximum temperatures during NH cold periods such as Heinrich events,
suggesting an antiphase climate relationship on the millennial scale. During such cold events,
Arabian Sea productivity is low. We cannot explain this with reduced upwelling, as this would
imply raised summer SSTs, while in the records the increase in winter SSTs forms the major part
of the annual temperature rise.
Both late glacial/early deglacial periods display pronounced periods of light δ18O in G. ruber. The
Termination II records do not have sufficiently high resolution to constrain their nature, yet in the
Termination I records, where they are called ASW1 and ASW2, they show up as periods with
variable productivity and summer SSTs, and high winter SSTs. They are most likely linked to
hydrographic changes, such as increased influx of warm water from the Indo-Pacific Warm Pool.
The comparison of the two time periods studied elucidated the nature of the difference between
Termination I and II. The two periods studied are characterized by similar glacial conditions.
Termination II ends in a slightly warmer (~1.5ºC) interglacial. The deglacial periods strongly
differ in seasonal SST development; in Termination II, a situation with warm winters and cold
(upwelling dominated) summers is established much (>10 ka) earlier than in Termination I, for
reasons not yet known. Possibly, an influence of the ice cover over Tibet may be inferred.
The period surrounding Termination II displays summer SSTs that are in line with the hemispheric
insolation gradient in boreal summer, and winter SSTs that are in line with Vostok CO2 content.
7.3. Scientific outlook
7.3.1 Proxy evaluation
The research presented in the previous chapters is intended as one link in the fabric of
palaeoclimatology. I make some suggestions on how to pursue this work in the future.
The calculation of seasonal SSTs could be verified by measuring Mg/Ca on G. bulloides as well,
to see if Tcbul calculated from δ18Orub, δ18Obul, and Tcrub is comparable to measured Tcbul. If so, the
past seasonal distributions of these species can be calculated from δ18O and Mg/Ca of both G.
ruber and G. bulloides. This would in turn enhance understanding of their palaeoecology.
The comparison of Uk’37 and Mg/Ca palaeothermometry of Chapter 4 would benefit from an
exhaustive evaluation of the effects of bioturbation. G. ruber abundance data would allow a
quantitative estimate of abundance dependent bioturbation, and the bioturbation effect on the
Toba ash that is found in the Arabian Sea [Schulz, 1998] would provide a robust indication of the
amplitude of bioturbation affecting the fine fraction. Additionally, we evaluated the effect of the
change in dominant alkenone production from G. oceanica to E. huxleyi, as these species slightly
differ in ecological preferences. This difference, however, is not well documented, and additional
research on the ecology of G. oceanica (such as depth habitat) would better constrain Uk’37
palaeothermometry in the period before 70 ka BP [Müller et al., 1997].
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Furthermore, it would be promising to extend the research presented in this thesis to MIS 11, as
this interglacial period is a better analogue for the present day (and the near future) with respect
to orbital parameters than MIS 5e is. As precession is one of the dominant forcing agents of the
Indian monsoon (Chapter 5), and precession is amplitude modulated by eccentricity, it would be
opportune to compare the Holocene monsoon evolution with that of a period with similar
eccentricity. At the present day, precession is at a minimum, and the most recent period with
comparably low eccentricity index is MIS 11. With an age of 420 ka BP, high quality material
from this period is scarce, as it is often found out of reach for current ship borne coring devices.
Specialized vessels such as the JOIDES Resolution, however, are fitted to retrieve cores that
contain an archive of MIS 11, and have done so. Monsoon studies on MIS 11 would not only
increase our knowledge of the monsoon system during interglacials characterized by low
eccentricity and at glacial inceptions, but also add to fundamental knowledge about the relatively
uncharted MIS 11.
7.4. Future prognosis
7.4.1 Future prognosis on Milankovitch scale
One of the goals of palaeoclimate research is predicting the future. Reconstructing the climate
evolution over the last 20,000 years provides a historical background for interpreting the present
state of the monsoon system. Monsoon reconstruction over the previous glacial-interglacial cycle
provides a glance into the monsoon system during an interglacial and the following glacial
inception. We have seen in Chapter 5 that our seasonal SST contrast records indicate that the SW
monsoon persists despite a glacial inception. If MIS 5 indeed is a reliable analogue for MIS 1, we
would expect no profound weakening of the summer monsoon before the occurrence of the next
glacial inception. The Holocene has lasted for 10,000 years already, which is a regular duration
for an interglacial [Winograd et al., 1997]. However, anthropogenic influences may lead to this
interglacial lasting unusually long. Several workers have modelled the next inception, and many
came up with this event not being expected for 50,000 years to come, with some even not
expecting it within the next 100,.000 years [Berger and Loutre, 2002; Ledley, 1995; Loutre, 1995;
Loutre and Berger, 2000; Weaver and Hillaire-Marcel, 2004].
In order to make predictions on monsoon intensities on a millennial scale we need to evaluate the
expected evolution of its forcing mechanisms. A possible forcing index suggested in chapter 5 is
the equatorial February-August insolation gradient. Previously proposed forcing indices are e.g.
northern hemisphere summer insolation [e.g. Kutzbach, 1981], and the hemispheric insolation
gradient in August [Leuschner and Sirocko, 2003]. Atmospheric CO2 content is known to modify
the effects of insolation [e.g. Broccoli, 2000; Prell et al., 1992] and invigorate monsoon intensity
[e.g. Goswami et al., 200; Prell et al., 1992; and Meehl et al., 1993]. All insolation effects except
for the hemispheric insolation gradient in August will rise during the next millennia. Atmospheric
CO2 content is expected to do the same. Altogether, there are more indications for a stable or
increased monsoon intensity in the coming millennia than for the opposite.
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7.4.2 Prognosis for the near future
Human activity has been exerting its influence on the climate system for thousands of years, with
increasing vigour in the last decennia. Anthropogenic warming has been suggested as a cause for
ice melting on the Tibetan Plateau [Böhner and Lemkuhl, 2005; Shi and Liu, 2000]. Ice and snow
albedo is a powerful agent for winter monsoon strengthening and summer monsoon weakening,
and its disappearance would most likely result in a stronger summer monsoon. The same can be
said of an (anthropogenic) increase in atmospheric CO2; its thermal insolation properties amplify
high continental summer temperatures, and thereby add to the oceanic-continental pressure
gradient that drives the summer monsoon [Goswami et al., 2006; Prell et al., 1992; Meehl and
Washington 1993]. A study by Meehl and Washington [1993] indicated that not only the intensity,
but also the variability of the summer monsoon is enhanced by increased atmospheric CO2
content. Strong summer monsoon variability would lead to increased droughts and floods, which
could both disrupt the lives of hundreds of millions of people that live in the regions dominated by
the Asian monsoon system. Furthermore, Goswami et al. [2006] suggested a positive coupling
between North Atlantic SST and the strength of the summer monsoon. As anthropogenic warming
also affects the North Atlantic, this may be another indication that the summer monsoon may
surge in the (near) future.
There are, however, also indications to the contrary. The last few decades, increasing attention
has been paid to a phenomenon that might be capable of counteracting global warming, at least
partially: global dimming. Global dimming concerns cooling due to the abundance of
anthropogenic reflective particles in the atmosphere. The effect of these particles is not uniform;
their altitude and nature decide whether they have a cooling or warming influence [Lau et al.,
2006]. This ambiguity makes the effect on the monsoon system of global dimming difficult to
estimate.
Another factor that could reduce the effects of an increase in summer monsoon strength may be
the mechanism proposed by Joseph and Simon [2005]. He argues that the changes in atmospheric
pressure due to greenhouse gases have lead to the increased tendency of the SW monsoon winds
to pass by India along its southern tip, thereby releasing its water load into the sea.
Altogether, arguments for future diminishing of the Indian summer monsoon are scarce, and
arguments for the opposite are more numerous, and supported by more evidence. A more detailed
assessment of the possible future strength and variability of the Indian monsoon system, and
specifically summer monsoon precipitation, is a theme for climate modellers. I take the
opportunity to stress the necessity of such efforts. Hopefully, the relentless efforts of “data
people” will supply modellers with sufficient high quality data as to allow them to rise to the
occasion.
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Appendix I: data 20 ka BP – 1 ka BP (210 to 20 cm bsf)
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(˚C) 
sum. 
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(˚C) 
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20.0 1.064         26.60    
20.5 1.140             
21.0 1.216 -1.81 -1.76 -0.05          
21.5 1.292 -1.74 -1.83 0.09          
22.0 1.368 -2.02 -1.48 -0.54          
22.5 1.444 -1.81 -1.49 -0.32          
23.0 1.520 -1.96 -1.29 -0.68          
23.5 1.596 -2.02 -1.75 -0.27          
24.0 1.672 -2.02 -1.46 -0.56          
24.5 1.748 -1.83 -1.16 -0.67          
25.0 1.824 -2.15 -1.54 -0.61          
25.5 1.900 -1.52 -1.58 0.06          
26.0 1.976 -1.94 -1.43 -0.50          
26.5 2.052 -1.62 -1.58 -0.03          
27.0 2.128 -1.97 -1.62 -0.34          
27.5 2.204 -1.89 -1.49 -0.40          
28.0 2.280 -2.01 -1.28 -0.72          
28.5 2.356 -1.90 -1.50 -0.40          
29.0 2.432 -1.88 -1.48 -0.40          
29.5 2.508 -2.01 -1.38 -0.62          
30.0 2.584         26.43    
30.5 2.660 -1.92 -1.49 -0.43          
31.0 2.736 -1.67 -1.35 -0.32          
31.5 2.812 -1.70 -1.40 -0.30          
32.0 2.888 -1.99 -1.45 -0.55  8.13        
32.5 2.964 -1.81 -1.40 -0.42 0.36 8.60 4.02 24.23 26.49  22.34 23.38 28.48 
33.0 3.040 -1.79 -1.64 -0.15          
33.5 3.116 -1.78 -1.52 -0.26          
34.0 3.192 -2.00 -1.44 -0.56 0.08 9.70 3.84 23.78 25.15  21.23 22.12 28.99 
34.5 3.268 -2.00 -1.54 -0.46          
35.0 3.344 -1.82 -1.35 -0.47          
35.5 3.420 -2.00 -1.57 -0.42          
36.0 3.496 -1.63 -1.31 -0.32          
36.5 3.571 -1.89 -1.64 -0.25          
37.0 3.647 -1.94 -1.48 -0.46 0.05 9.21 3.69 23.38 25.09  21.27 22.25 27.96 
37.5 3.723 -1.85 -1.48 -0.37          
38.0 3.799 -1.66 -1.48 -0.18  10.22        
38.5 3.875 -1.79 -1.53 -0.26 0.20 8.70 3.68 23.34 25.45  22.15 23.36 26.57 
39.0 3.951 -1.74 -1.39 -0.35          
39.5 4.027 -1.74 -1.40 -0.35  9.27        
40.0 4.103 -1.64 -1.26 -0.38 0.35 9.83 3.67 23.33 24.57 25.90 21.62 22.70 27.33 
40.5 4.179 -1.67 -1.58 -0.10          
41.0 4.255 -1.96 -1.38 -0.58  9.06        
41.5 4.331 -2.05 -1.54 -0.51  9.43        
42.0 4.407 -1.78 -1.56 -0.22          
42.5 4.483 -1.77 -1.39 -0.38 0.27 9.10 3.77 23.58 25.39  21.87 22.96 27.58 
43.0 4.559 -1.76 -1.53 -0.23 0.40 8.94 3.99 24.15 26.13  23.13 24.38 27.15 
43.5 4.635 -1.63 -1.50 -0.14  9.57        
44.0 4.711 -1.73 -1.36 -0.37          
44.5 4.787 -1.88 -1.46 -0.41 0.08 9.63 3.62 23.18 24.56  21.30 22.34 27.42 
45.0 4.863 -1.84 -1.22 -0.63  10.11        
45.5 4.939 -1.67 -1.46 -0.22 0.34 9.48 3.72 23.44 24.95  22.46 23.73 26.37 
46.0 5.015 -1.68 -1.27 -0.41  9.55        
46.5 5.091 -1.61 -1.42 -0.19 0.34 9.20 3.61 23.17 24.88  22.29 23.58 25.96 
47.0 5.167 -1.79 -1.45 -0.34          
47.5 5.243 -1.71 -1.38 -0.34  9.57        
48.0 5.319 -1.63 -1.53 -0.10  9.58        
48.5 5.395 -1.60 -1.53 -0.07 0.37 9.97 3.65 23.26 24.40  22.96 24.38 25.21 
49.0 5.471 -1.83 -1.54 -0.29  10.09        
49.5 5.547 -1.72 -1.50 -0.21 0.29 9.18 3.72 23.45 25.19  22.47 23.74 26.36 
50.0 5.623 -1.95 -1.43 -0.52      26.74    
50.5 5.699 -1.79 -1.67 -0.11  9.56        
51.0 5.761 -1.63 -1.41 -0.22  9.41        
51.5 5.823  -1.41  1.93 8.88 3.58 23.07 25.01  23.07 24.57 24.57 
52.0 5.885 -1.80 -1.56 -0.24  9.10        
52.5 5.947 -1.69 -1.48 -0.20  9.55        
53.0 6.010 -1.51 -1.61 0.11 0.53 9.26 3.76 23.56 25.25  24.05 25.67 24.34 
53.5 6.072 -1.56 -1.38 -0.17  9.73        
54.0 6.134 -1.69 -1.34 -0.36  10.43        
54.5 6.196 -1.81 -1.43 -0.37 0.31 9.19 3.92 23.98 25.75  22.27 23.36 27.96 
55.0 6.258 -1.89 -1.56 -0.33 0.39 9.66 4.25 24.77 26.25  23.28 24.42 28.43 
55.5 6.320 -1.61 -1.57 -0.04          
56.0 6.382 -1.78 -1.68 -0.11          
56.5 6.444  -1.36   11.00 3.81 23.69 24.12     
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57.0 6.507 -1.65 -1.55 -0.10          
57.5 6.569 -1.84 -1.45 -0.39          
58.0 6.631 -1.87 -1.46 -0.41 0.31 9.84 4.05 24.30 25.61  22.44 23.49 28.51 
58.5 6.693 -1.76 -1.50 -0.26          
59.0 6.755 -1.72 -1.42 -0.29          
59.5 6.817 -1.88 -1.74 -0.14 0.14 9.80 3.73 23.48 24.76  22.86 24.21 25.89 
60.0 6.879 -1.85 -1.50 -0.34      26.41    
60.5 6.941 -1.74 -1.45 -0.29          
61.0 7.003 -1.68 -1.52 -0.15 0.36 9.80 3.77 23.59 24.88  22.90 24.23 26.11 
61.5 7.066 -1.78 -1.37 -0.40          
62.0 7.128 -1.48 -1.72 0.23          
62.5 7.190 -1.73 -1.56 -0.17 0.38 10.69 3.90 23.91 24.58  23.15 24.46 26.53 
63.0 7.252 -1.79 -1.54 -0.26          
63.5 7.314 -1.80 -1.49 -0.30          
64.0 7.376 -1.57 -1.50 -0.07 0.34 10.16 3.54 22.97 23.94  22.65 24.07 24.93 
64.5 7.438 -1.63 -1.55 -0.08          
65.0 7.500 -1.77 -1.49 -0.28          
65.5 7.562 -1.64 -1.39 -0.25 0.42 10.81 3.83 23.74 24.31  22.58 23.80 26.92 
66.0 7.625 -1.81 -1.47 -0.35          
66.5 7.687 -1.66 -1.28 -0.39 0.45  3.91 23.95   22.20 23.28 28.01 
67.0 7.749 -1.88 -1.66 -0.22 0.16 10.27 3.77 23.60 24.54  22.62 23.88 26.53 
67.5 7.811 -1.93 -1.38 -0.55          
68.0 7.873 -1.94 -1.56 -0.38          
68.5 7.935 -1.94 -1.38 -0.56 0.13 10.00 3.84 23.76 24.91  21.22 22.10 28.96 
69.0 7.997 -1.68 -1.64 -0.03          
69.5 8.059 -1.41 -1.58 0.17          
70.0 8.122 -1.74 -1.26 -0.48 0.37 10.39 3.91 23.95 24.84 24.52 21.76 22.72 28.65 
70.5 8.184 -1.32 -1.68 0.36 0.83  4.00 24.16   25.78 27.68 23.28 
71.0 8.246 -1.67 -1.74 0.06          
71.5 8.308 -1.67 -1.35 -0.32 0.24 10.29 3.53 22.95 23.83  21.48 22.63 26.58 
72.0 8.370 -1.29 -1.50 0.21          
72.5 8.432 -1.20 -1.15 -0.06 0.80  3.70 23.40   23.14 24.58 25.27 
73.0 8.494 -1.67 -1.97 0.30 0.48 11.04 4.00 24.17 24.62  25.53 27.36 23.67 
73.5 8.556 -1.66 -1.19 -0.47          
74.0 8.618 -1.48 -1.65 0.17          
74.5 8.681 -1.47 -1.96 0.49 0.71 10.00 4.04 24.28 25.46  26.52 28.57 22.49 
75.0 8.743 -1.39 -1.56 0.17          
75.5 8.805 -1.69 -1.59 -0.09          
76.0 8.867 -1.43 -1.54 0.11 0.43 10.38 3.45 22.72 23.53  23.23 24.85 23.49 
76.5 8.929 -1.66 -1.39 -0.27 0.58  4.17 24.58   23.38 24.58 27.85 
77.0 9.002 -1.28 -1.42 0.14          
77.5 9.076 -1.26 -1.60 0.33 0.70 11.00 3.64 23.24 23.64  24.75 26.62 22.53 
78.0 9.149 -1.15 -1.53 0.39          
78.5 9.223      4.31 24.89      
79.0 9.296 -1.07 -1.22 0.15 1.01 10.59 3.86 23.81 24.54  24.48 26.15 24.34 
79.5 9.370 -1.05 -1.56 0.50          
80.0 9.443 -1.35 -1.07 -0.28      25.36    
80.5 9.517 -1.26 -1.21 -0.05 0.72 10.83 3.66 23.28 23.81  23.07 24.51 25.10 
81.0 9.590 -0.78 -1.52 0.75          
81.5 9.664 -1.25 -1.28 0.03          
82.0 9.737 -1.55 -1.49 -0.06 0.55 10.55 3.89 23.90 24.67  23.62 25.05 25.81 
82.5 9.781 -1.45 -1.46 0.01 0.67  3.93 23.99   24.04 25.55 25.42 
83.0 9.825 -1.77 -1.25 -0.52          
83.5 9.869 -1.26 -1.28 0.02 0.72 10.60 3.68 23.34 24.03  23.41 24.93 24.74 
84.0 9.912 -1.27 -1.01 -0.27          
84.5 9.956 -1.23 -1.45 0.22 0.98  4.11 24.43   25.45 27.20 24.45 
85.0 10.000 -1.34 -1.55 0.21  10.52        
85.5 10.044 -1.39 -1.50 0.12 0.68  3.82 23.71   24.23 25.86 24.44 
86.0 10.088 -1.63 -1.60 -0.03          
86.5 10.132 -1.28 -1.52 0.24 0.93 12.00 4.10 24.41 24.24  25.52 27.29 24.30 
87.0 10.175 -1.37 -1.59 0.22  10.66        
87.5 10.219 -1.20 -1.44 0.24 0.99 9.59 4.07 24.33 25.82  25.40 27.16 24.27 
88.0 10.263 -1.48 -1.64 0.15  11.21        
88.5 10.307 -1.44 -1.20 -0.24 0.60 11.06 3.79 23.63 24.02  22.54 23.78 26.71 
89.0 10.351 -1.23 -1.53 0.30  11.00        
89.5 10.395 -1.27 -1.40 0.13 0.97 10.22 4.18 24.59 25.64  25.17 26.81 25.25 
90.0 10.439 -1.35 -1.63 0.28  10.56    26.61    
90.5 10.482 -1.02 -1.21 0.19 1.24 10.64 4.21 24.66 25.42  25.54 27.26 24.88 
91.0 10.526 -1.22 -1.16 -0.07  11.60        
91.5 10.570 -1.13 -1.36 0.23 1.08 11.42 4.11 24.42 24.63  25.47 27.23 24.39 
92.0 10.614 -1.37 -1.21 -0.16  10.71        
92.5 10.658 -1.35 -1.14 -0.20 0.92 10.83 4.23 24.72 25.35  23.80 25.08 27.56 
93.0 10.702 -1.50 -1.36 -0.14  12.16        
93.5 10.746 -1.35 -1.69 0.34 0.85 10.94 4.10 24.40 24.94  25.94 27.81 23.66 
94.0 10.789 -1.00 -1.23 0.23  10.67        
94.5 10.833 -1.11 -1.10 -0.01 1.21 11.38 4.34 24.97 25.24  24.92 26.41 26.54 
95.0 10.877 -1.20 -0.90 -0.30  10.40        
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95.5 10.921 -1.38 -1.14 -0.24  12.60        
96.0 10.965 -1.33 -1.05 -0.27 0.89 11.56 4.13 24.47 24.59  23.23 24.43 27.78 
96.5 11.009 -1.06 -1.19 0.13 1.18 10.67 4.16 24.56 25.29  25.14 26.79 25.21 
97.0 11.052 -1.67 -1.39 -0.28  11.66        
97.5 11.096 -0.84 -0.95 0.11 1.14 11.87 3.66 23.31 23.14  23.80 25.41 24.09 
98.0 11.140 -1.42 -0.88 -0.54  11.25        
98.5 11.184 -1.22 -1.21 -0.02 0.96 11.92 4.05 24.30 24.17  24.23 25.71 25.90 
99.0 11.228 -1.03 -0.73 -0.30  11.48        
99.5 11.272 -1.32 -1.17 -0.15 0.68 10.76 3.70 23.41 24.00  22.72 24.05 25.93 
100.0 11.316 -0.85 -1.19 0.34  12.00    26.06    
100.5 11.359 -1.10 -1.01 -0.08 1.00 10.88 3.88 23.88 24.41  23.50 24.91 25.92 
101.0 11.403 -0.92 -1.15 0.23  11.31        
101.5 11.447 -0.98 -1.23 0.25 1.30 12.44 4.26 24.80 24.37  25.91 27.68 24.67 
102.0 11.491 -1.18 -1.06 -0.11  11.46        
102.5 11.535 -0.95 -1.49 0.54 1.06 11.52 3.71 23.43 23.50  25.89 27.98 21.34 
103.0 11.579 -0.98 -0.98 0.00  10.97        
103.5 11.623 -0.91 -1.21 0.30 1.18 11.59 3.86 23.81 23.86  25.18 27.02 23.31 
104.0 11.666 -1.19 -1.10 -0.10  11.31        
104.5 11.710 -1.03 -1.23 0.20 1.24 11.87 4.23 24.73 24.66  25.64 27.36 24.89 
105.0 11.754 -1.13 -1.09 -0.04  11.38        
105.5 11.798 -1.12 -0.85 -0.28 0.98 12.41 3.89 23.90 23.43  22.64 23.83 27.24 
106.0 11.842 -0.98 -0.76 -0.22  11.68        
106.5 11.886 -1.03 -1.02 -0.01 1.03 11.94 3.81 23.69 23.51  23.66 25.15 25.24 
107.0 11.929 -0.80 -1.01 0.21  12.36        
107.5 11.973 -1.06 -0.82 -0.24 1.17 11.39 4.17 24.57 24.80  23.47 24.70 27.67 
108.0 12.017 -1.06 -0.98 -0.07  11.03        
108.5 12.061 -1.10 -0.88 -0.23 1.00 12.49 3.89 23.89 23.37  22.86 24.11 26.89 
109.0 12.105 -0.75 -1.00 0.25  12.19        
109.5 12.149 -0.97 -0.92 -0.06 1.42 11.65 4.51 25.34 25.46  25.08 26.52 27.21 
110.0 12.193 -0.93 -0.92 -0.01  12.42    27.14    
110.5 12.236 -0.55 -0.75 0.20 1.46 11.24 3.73 23.47 23.73  24.37 26.09 23.66 
111.0 12.280 -0.74 -0.78 0.04  12.43        
111.5 12.324 -0.59 -0.81 0.22 1.67 12.62 4.21 24.67 24.13  25.67 27.41 24.72 
112.0 12.368 -0.71 -0.63 -0.07  11.94        
112.5 12.412 -0.63 -0.61 -0.02 1.44 11.73 3.83 23.75 23.70  23.66 25.14 25.38 
113.0 12.456 -0.74 -0.65 -0.09  12.47        
113.5 12.499 -0.71 -0.90 0.18 1.33 11.85 3.78 23.62 23.48  24.45 26.16 23.89 
114.0 12.543 -0.71 -0.86 0.16  11.77        
114.5 12.587 -0.76 -0.73 -0.03 1.25 11.57 3.72 23.46 23.50  23.31 24.77 25.18 
115.0 12.631 -0.73 -0.77 0.04  11.92        
115.5 12.675 -0.89 -0.91 0.02 1.33 12.17 4.14 24.51 24.24  24.58 26.10 25.90 
116.0 12.719 -0.78 -1.01 0.24  11.88        
116.5 12.763 -0.64 -0.71 0.07 1.41 12.00 3.80 23.67 23.44  23.99 25.57 24.70 
117.0 12.806 -0.85 -0.72 -0.13  12.06        
117.5 12.850 -0.62 -1.08 0.46 1.86 11.46 4.71 25.77 26.05  27.88 29.89 24.19 
118.0 12.894 -0.83 -1.11 0.28  13.03        
118.5 12.938 -0.80 -1.13 0.33 1.12 13.08 3.56 23.01 22.06  24.51 26.38 22.31 
119.0 12.982 -0.85 -0.70 -0.16  12.07        
119.5 13.026 -0.73 -0.95 0.22 1.24 11.58 3.65 23.26 23.28  24.25 25.99 23.31 
120.0 13.070 -0.64 -0.67 0.03  12.08    26.44    
120.5 13.113 -0.77 -1.18 0.40 1.10 11.33 3.47 22.76 22.91  24.59 26.53 21.61 
121.0 13.157 -0.80 -1.11 0.30  11.69        
121.5 13.201 -0.68 -0.76 0.08 1.31 11.13 3.67 23.33 23.66  23.70 25.29 24.29 
122.0 13.245 -0.78 -0.80 0.02  11.35        
122.5 13.289 -0.79 -1.21 0.43  10.49        
123.0 13.333 -0.81 -0.93 0.12  11.63        
123.5 13.376 -0.79 -0.68 -0.11 1.32 11.40 3.92 23.98 24.17  23.45 24.83 26.24 
124.0 13.420 -0.83 -0.88 0.04  11.47        
124.5 13.464 -0.85 -0.90 0.05  11.18        
125.0 13.508 -0.40 -0.82 0.42  11.18        
125.5 13.552 -0.61 -0.78 0.17 1.37 11.12 3.65 23.27 23.60  24.05 25.74 23.63 
126.0 13.595 -0.48 -0.84 0.36  11.12        
126.5 13.639 -0.55 -0.76 0.21  11.60        
127.0 13.683 -0.92 -0.88 -0.04  11.43        
127.5 13.726 -0.39 -0.86 0.47 1.77 11.69 4.01 24.19 24.20  26.32 28.34 22.58 
128.0 13.770 -0.59 -0.78 0.19  11.28        
128.5 13.814 -0.60 -0.84 0.24  10.53        
129.0 13.857 -0.79 -0.71 -0.08  10.82        
129.5 13.901 -0.71 -0.69 -0.02 1.28 10.83 3.68 23.36 23.89  23.26 24.74 25.00 
130.0 13.945 -0.61 -0.84 0.23  10.53    24.67    
130.5 13.989 -0.68 -0.93 0.25  11.82        
131.0 14.032 -0.99 -0.88 -0.12  11.10        
131.5 14.076 -0.58 -0.77 0.19 1.49 10.13 3.84 23.76 24.81  24.64 26.35 23.97 
132.0 14.120 -0.77 -1.07 0.30  10.84        
132.5 14.163 -0.54 -0.75 0.21  11.00        
133.0 14.207 -0.59 -0.74 0.15  11.03        
133.5 14.251 -0.73 -0.75 0.02 1.40 10.91 3.96 24.08 24.60  24.16 25.68 25.45 
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170
134.0 14.294 -0.43 -0.83 0.40  11.81        
134.5 14.338 -0.65 -0.70 0.05  11.21        
135.0 14.382 -0.51 -0.50 -0.02  11.50        
135.5 14.425 -0.57 -0.84 0.27 1.48 11.88 3.78 23.61 23.45  24.85 26.65 23.29 
136.0 14.469 -0.37 -0.74 0.37  11.72        
136.5 14.513 -0.63 -0.74 0.11  11.73        
137.0 14.556 -0.57 -0.88 0.31 1.58 11.49 3.99 24.14 24.28  25.55 27.39 23.58 
137.5 14.600 -0.68 -0.66 -0.01  11.10        
138.0 14.644 -0.33 -0.56 0.23  11.77        
138.5 14.687 -0.48 -0.96 0.48  11.05        
139.0 14.731 -0.62 -0.79 0.17 1.27 11.91 3.51 22.88 22.65  23.65 25.34 23.25 
139.5 14.775 -0.32 -0.53 0.22  12.39        
140.0 14.818 -0.64 -0.59 -0.06  11.50    25.25    
140.5 14.862 -0.36 -0.53 0.17  12.71        
141.0 14.906 -0.30 -0.48 0.18 1.74 12.53 3.78 23.61 23.04  24.42 26.11 23.92 
141.5 14.950 -0.41 -0.49 0.08  11.87        
142.0 14.993 -0.50 -0.39 -0.10  11.18        
142.5 15.037 -0.42 -0.48 0.06  12.54        
143.0 15.081 -0.13 -0.34 0.22 1.96 12.90 3.86 23.81 23.03  24.79 26.53 23.88 
143.5 15.124 -0.52 -0.58 0.05  12.18        
144.0 15.168 -0.40 -0.15 -0.25  11.80        
144.5 15.212 -0.31 -0.57 0.26  11.81        
145.0 15.255 -0.33 -0.44 0.11 1.75 12.41 3.84 23.78 23.30  24.28 25.90 24.54 
145.5 15.299 -0.31 -0.47 0.16  12.44        
146.0 15.343 -0.18 -0.71 0.53  11.97        
146.5 15.386 -0.29 -0.49 0.20  12.74        
147.0 15.430 -0.41 -0.36 -0.05 1.71 12.05 3.94 24.02 23.78  23.79 25.24 25.85 
147.5 15.474 -0.40 -0.52 0.13  12.24        
148.0 15.517 -0.38 -0.58 0.20  12.23        
148.5 15.561 -0.19 -0.31 0.12  12.47        
149.0 15.605 -0.26 -0.40 0.15 1.65 11.56 3.53 22.94 22.95  23.61 25.28 23.46 
149.5 15.648 -0.25 -0.45 0.20  12.00        
150.0 15.692 -0.26 -0.48 0.22  12.18    23.94    
150.5 15.736 -0.25 -0.36 0.11  12.82        
151.0 15.779 -0.38 -0.41 0.03 1.69 11.64 3.83 23.74 23.75  23.87 25.40 25.05 
151.5 15.823 -0.05 -0.47 0.42  12.00        
152.0 15.867 -0.05 -0.38 0.33  12.74        
152.5 15.911 -0.19 -0.40 0.21  11.15        
153.0 15.954 -0.28 -0.36 0.08 1.58 12.74 3.45 22.71 21.95  23.08 24.67 23.68 
153.5 15.998 -0.18 -0.28 0.11  12.49        
154.0 16.042 -0.05 -0.48 0.42  11.77        
154.5 16.085 -0.35 -0.31 -0.04  11.86        
155.0 16.129 -0.09 -0.16 0.07 1.82 11.79 3.54 22.97 22.82  23.30 24.88 23.98 
155.5 16.173 -0.04 -0.32 0.28  12.42        
156.0 16.216 -0.08 -0.15 0.08  11.77        
156.5 16.260 -0.34 -0.44 0.10  12.08        
157.0 16.304 -0.13 -0.28 0.15 1.83 12.78 3.62 23.20 22.45  23.89 25.56 23.69 
157.5 16.347 -0.10 -0.31 0.21  11.91        
158.0 16.391 -0.30 -0.42 0.12  11.45        
158.5 16.435 -0.24 -0.47 0.22  12.03        
159.0 16.478 -0.16 -0.44 0.27 2.02 11.61 4.05 24.28 24.35  25.52 27.32 23.97 
159.5 16.522 -0.56 -0.53 -0.03  12.03        
160.0 16.566 -0.34 -0.30 -0.04 1.82 12.61 4.02 24.22 23.65 24.14 24.04 25.50 25.98 
160.5 16.609 -0.34 -0.47 0.13  11.40        
161.0 16.653 -0.19 -0.24 0.05 1.87 11.21 3.81 23.70 24.00  23.94 25.50 24.85 
161.5 16.697 -0.19 -0.32 0.12  12.18        
162.0 16.740 -0.32 -0.32 0.00 1.85 12.03 4.02 24.22 24.01  24.24 25.74 25.70 
162.5 16.784 -0.27 -0.47 0.20  12.13        
163.0 16.828 -0.29 -0.25 -0.03 1.72 10.87 3.71 23.44 23.95  23.28 24.74 25.17 
163.5 16.872 -0.33 -0.45 0.12  11.58        
164.0 16.915 -0.70 -0.60 -0.10 1.32 11.92 3.74 23.50 23.31  23.03 24.42 25.69 
164.5 16.959 -0.58 -0.54 -0.05  11.62        
165.0 17.003 -0.12 -0.61 0.49 2.05 11.91 4.02 24.23 24.09  26.47 28.52 22.44 
165.5 17.046 -0.50 -0.36 -0.15  12.09        
166.0 17.090 -0.45 -0.57 0.11 1.77 11.62 4.13 24.47 24.55  24.99 26.62 25.21 
166.5 17.134 -0.10 -0.12 0.02  11.56        
167.0 17.177 -0.01 -0.22 0.21 1.93 12.27 3.58 23.09 22.65  24.04 25.77 23.21 
167.5 17.221 -0.03 -0.31 0.29  11.08        
168.0 17.265 -0.17 -0.31 0.14 1.66 12.41 3.40 22.56 21.99  23.18 24.83 23.16 
168.5 17.308 0.06 -0.14 0.20  11.76        
169.0 17.352 -0.08 -0.16 0.08 1.92 11.57 3.69 23.39 23.42  23.75 25.34 24.35 
169.5 17.396 -0.05 -0.15 0.10  12.67        
170.0 17.439 0.00 -0.21 0.21 1.59 12.40 3.01 21.39 20.75 23.74 22.34 24.07 21.51 
170.5 17.483 -0.13 -0.12 -0.01  12.03        
171.0 17.527 -0.11 -0.25 0.14 1.74 11.33 3.43 22.65 22.78  23.29 24.95 23.21 
171.5 17.570 0.14 -0.13 0.28  12.51        
172.0 17.614 0.01 -0.29 0.30 1.68 12.29 3.15 21.81 21.26  23.18 25.01 21.32 
 depth 
(cm) 
age  
(ka 
BP) 
?18O  
G. 
ruber?
?18O  
G.  
bulloides?
??18O  
rub-bul? ?18Ow?
weight  
per  
test  
(?g) 
Mg/Ca  
(mmol 
/mol) 
Mg/Ca 
T 
 (˚C) 
Temp  
corr  
for 
diss.  
Alk T 
 (˚C) 
 
 
Tcbul 
(˚C) 
sum. 
SST  
(˚C) 
wint. 
SST  
(˚C) 
171
172.5 17.658 -0.13 -0.11 -0.02  11.61        
173.0 17.701 -0.15 -0.07 -0.09 1.80 10.89 3.61 23.16 23.64  22.76 24.16 25.24 
173.5 17.745 -0.02 -0.19 0.17  11.33        
174.0 17.789 -0.06 -0.21 0.15 1.85 12.39 3.54 22.98 22.45  23.66 25.33 23.48 
174.5 17.833 -0.08 -0.30 0.22  12.64        
175.0 17.876 -0.10 -0.28 0.18 1.52 11.33 3.05 21.52 21.58  22.34 24.04 21.82 
175.5 17.920 -0.19 -0.21 0.02  10.84        
176.0 17.964 0.08 -0.31 0.39 2.04 11.37 3.61 23.17 23.32  24.97 26.90 22.06 
176.5 18.007 -0.09 -0.03 -0.06  12.75        
177.0 18.051 -0.12 -0.20 0.08 1.99 11.70 3.91 23.94 23.93  24.30 25.88 24.91 
177.5 18.095 0.14 -0.10 0.25  11.91        
178.0 18.138 -0.11 -0.14 0.03 1.84 11.53 3.60 23.14 23.18  23.28 24.82 24.42 
178.5 18.182 -0.01 -0.09 0.07  10.81        
179.0 18.226 -0.02 -0.14 0.12 1.74 11.05 3.28 22.22 22.51  22.75 24.38 22.93 
179.5 18.269 0.11 -0.24 0.35  10.74        
180.0 18.313 0.01 -0.19 0.20 1.78 10.59 3.31 22.30 22.92 23.94 23.20 24.92 22.49 
180.5 18.339 -0.07 -0.19 0.12  11.23        
181.0 18.366 -0.31 -0.14 -0.17 1.22 10.75 2.94 21.14 21.56  20.38 21.69 23.75 
181.5 18.392 -0.21 -0.23 0.02  11.29        
182.0 18.418 0.02 -0.11 0.13 1.76 10.78 3.25 22.14 22.62  22.75 24.40 22.75 
182.5 18.445 -0.06 -0.31 0.24  10.55        
183.0 18.471 0.14 -0.09 0.23 1.82 10.81 3.15 21.83 22.26  22.85 24.60 21.83 
183.5 18.497 0.13 -0.22 0.34  10.97        
184.0 18.524 0.04 -0.16 0.20 1.75 10.78 3.19 21.96 22.42  22.87 24.59 22.14 
184.5 18.550 -0.02 -0.24 0.23  11.31        
185.0 18.576 -0.01 -0.03 0.02 1.63 10.92 3.10 21.67 22.01  21.75 23.26 23.07 
185.5 18.603 -0.31 -0.33 0.02  11.96        
186.0 18.629 -0.06 -0.10 0.04 1.69 12.21 3.27 22.19 21.72  22.36 23.90 23.45 
186.5 18.655 0.04            
187.0 18.682 -0.46 -0.22 -0.24 1.57 12.14 3.75 23.54 23.22  22.47 23.70 26.62 
187.5 18.708 -0.46 -0.37 -0.09  12.42        
188.0 18.735 -0.58 -0.56 -0.02 1.55 10.62 3.96 24.06 24.79  23.98 25.46 25.68 
188.5 18.761 -0.27 -0.33 0.06  11.63        
189.0 18.787 -0.26 -0.23 -0.03 1.49 12.21 3.26 22.17 21.70  22.04 23.51 23.86 
189.5 18.814 -0.48 -0.44 -0.04  11.57        
190.0 18.840 -0.48 -0.44 -0.04 1.58 11.57 3.82 23.70 23.76 24.51 23.53 24.99 25.46 
190.5 18.866 -0.31 -0.60 0.29  11.35        
191.0 18.893 -0.34 -0.49 0.16 1.63 10.51 3.64 23.25 23.99  23.97 25.64 23.71 
191.5 18.919 -0.70 -0.46 -0.24  10.67        
192.0 18.945 -0.32 -0.42 0.10 1.43 10.97 3.26 22.16 22.50  22.63 24.25 22.96 
192.5 18.972 -0.45 -0.48 0.03  10.95        
193.0 18.998 -0.72 -0.72 -0.01 1.14 10.58 3.44 22.70 23.35  22.67 24.17 24.23 
193.5 19.024 -0.48 -0.22 -0.26  10.27        
194.0 19.051 -0.15 -0.26 0.11 1.74 11.83 3.50 22.85 22.67  23.34 24.95 23.65 
194.5 19.077 -0.08 -0.15 0.07  10.91        
195.0 19.103 -0.27 -0.36 0.09 1.51 11.48 3.31 22.32 22.34  22.73 24.33 23.23 
195.5 19.130 -0.03 -0.27 0.24 1.91 11.80 3.60 23.12 22.99  24.21 25.98 23.03 
196.0 19.156 0.21 -0.27 0.48 1.88 10.47 3.14 21.81 22.47  23.98 26.00 20.14 
196.5 19.182 -0.13 -0.07 -0.05  10.84        
197.0 19.209 -0.08 -0.25 0.18 1.69 10.87 3.29 22.25 22.67  23.05 24.74 22.59 
197.5 19.235 -0.01 -0.19 0.19  10.19        
198.0 19.261 0.06 -0.20 0.26 2.21 10.53 4.00 24.18 24.97  25.34 27.13 23.97 
198.5 19.288 0.11 -0.25 0.36  10.62        
199.0 19.314 -0.35 -0.34 0.00 1.44 11.83 3.33 22.37 22.16  22.36 23.86 23.89 
199.5 19.340 -0.54 -0.14 -0.39  10.33        
200.0 19.367 -0.24 -0.22 -0.02 1.17 11.05 2.75 20.50 20.67 23.43 20.40 21.88 22.15 
200.5 19.393 -0.74 -0.28 -0.46  10.27        
201.0 19.419 -0.06 -0.29 0.23 1.60 10.65 3.12 21.73 22.26  22.75 24.50 21.74 
201.5 19.446 0.01 -0.28 0.30  11.00        
202.0 19.472 0.00 -0.30 0.31 1.92 10.64 3.54 22.97 23.61  24.37 26.21 22.43 
202.5 19.498 -0.29 -0.23 -0.06  10.85        
203.0 19.525 -0.11 -0.04 -0.07  11.63        
203.5 19.551 -0.13 -0.28 0.15  10.37        
204.0 19.578 -0.06 -0.22 0.15 1.67 10.83 3.24 22.11 22.55  22.81 24.48 22.59 
204.5 19.604 -0.19 -0.11 -0.08  11.13        
205.0 19.630 -0.18 -0.21 0.04 1.55 10.23 3.22 22.04 22.89  22.20 23.73 23.30 
205.5 19.657 -0.49 -0.25 -0.23  10.47        
206.0 19.683 -0.08 -0.46 0.38 1.52 10.93 3.03 21.46 21.78  23.18 25.10 20.45 
206.5 19.709 -0.31 -0.18 -0.13  11.06        
207.0 19.736 0.03 -0.24 0.27 1.54 10.97 2.90 21.01 21.27  22.23 24.02 20.74 
207.5 19.762 0.13 -0.28 0.41  11.36        
208.0 19.788 0.03 -0.14 0.17 1.75 10.70 3.22 22.04 22.56  22.81 24.50 22.41 
208.5 19.815 -0.08 -0.18 0.10  10.70        
209.0 19.841 -0.07 -0.17 0.09 1.42 10.12 2.87 20.92 21.77  21.35 22.95 21.80 
209.5 19.867 -0.11 -0.41 0.30  10.91        
210.0 19.894 -0.13 -0.30 0.17 1.58 10.62 3.20 21.98 22.55 24.87 22.75 24.43 22.36 
210.5 19.920 0.04 -0.35 0.39  11.69        
Appendix II: data 152 ka BP – 94 ka BP (1191 to 870 cm bsf)
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172
870.5  -0.928 -0.891 -0.037 1.28   24.45  5563 0.920 26.31 24.28 24.32 24.00    
871.0 94.143                  
871.5 94.232 -1.081 -0.780 -0.301            378 1151 3.04 
872.0 94.322               264 1152 4.36 
872.5 94.411 -0.868 -0.840 -0.028            285 922 3.24 
873.0 94.501               261 1214 4.65 
873.5 94.590 -0.983 -1.027 0.044            289 1330 4.60 
874.0 94.680               332 1212 3.65 
874.5 94.769 -1.000 -1.026 0.026 1.16 10.22 4.00 24.17 25.19 11044 0.910 25.84 24.29 24.32 24.00 343 1248 3.64 
875.0 94.859               313 1052 3.36 
875.5 94.948 -0.965 -1.049 0.084            248 1189 4.79 
876.0 95.038               329 1294 3.93 
876.5 95.127 -0.863 -0.919 0.056            358 1223 3.42 
877.0 95.217               276 1282 4.64 
877.5 95.306 -1.074 -0.789 -0.285 0.90  3.65 23.26  10580 0.920 26.07 21.96 21.65 25.15 384 1251 3.26 
878.0 95.396               333 1276 3.83 
878.5 95.485 -1.188 -0.832 -0.356            189 1180 6.24 
879.0 95.575               243 1311 5.40 
879.5 95.664 -1.06 -1.03 -0.04            205 907 4.42 
880.0 95.754               302 1180 3.91 
880.5 95.843 -1.03 -1.04 0.01 0.94 10.67 3.65 23.28 23.91 5249 0.920 26.28 23.34 23.36 23.18 314 1224 3.90 
881.0 95.933               244 1297 5.32 
881.5 96.022 -1.32 -1.12 -0.20            347 1177 3.39 
882.0 96.112               224 1248 5.57 
882.5 96.201 -1.22 -1.13 -0.08            278 1398 5.03 
883.0 96.291               293 1178 4.02 
883.5 96.380 -1.37 -1.14 -0.23 0.82 10.25 4.07 24.35 25.36 8710 0.910 25.70 23.31 23.05 25.86 222 1218 5.49 
884.0 96.470               164 1111 6.77 
884.5 96.559 -1.22 -0.97 -0.25            395 1549 3.92 
885.0 96.649               244 1262 5.17 
885.5 96.738 -1.26 -1.19 -0.36            336 1283 3.82 
886.0 96.828               289 1380 4.78 
886.5 96.917 -1.33 -0.89 -0.44 0.79 11.00 3.93 23.99 24.45 10456 0.900 25.48 21.99 21.51 26.90 383 1277 3.33 
887.0 97.007               219 1230 5.62 
887.5 97.096 -1.18 -0.84 -0.34            338 1285 3.80 
888.0 97.186               336 1328 3.95 
888.5 97.275 -1.22 -1.05 -0.17            323 1260 3.90 
889.0 97.365               263 945 3.59 
889.5 97.454 -1.09 -1.06 -0.03 1.04  3.95 24.05  11924 0.900 25.27 23.91 23.88 24.24 337 1280 3.80 
890.0 97.544               309 1400 4.53 
890.5 97.633 -1.41 -1.13 -0.27 0.64 14.00 3.78 23.62 22.18 7351 0.900 25.28 22.38 22.08 25.43 275 1209 4.40 
891.0 97.723               263 1474 5.60 
891.5 97.812 -1.26 -1.13 -0.12            279 1463 5.24 
892.0 97.902               336 1151 3.43 
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892.5 97.991 -1.28 -1.17 -0.11 0.76 9.29 3.76 23.57 25.23 9151 0.890 24.91 23.08 22.96 24.28 339 1474 4.35 
893.0 98.081               384 1404 3.66 
893.5 98.170 -1.41 -1.22 -0.19            295 1306 4.43 
894.0 98.260               211 1239 5.87 
894.5 98.349 -1.28 -1.18 -0.10            250 1169 4.68 
895.0 98.439               192 1099 5.72 
895.5 98.528 -1.11 -1.32 0.21 1.10  4.11 24.43  5432 0.900 25.32 25.39 25.62 23.02 270 1080 4.00 
896.0 98.618               225 1037 4.61 
896.5 98.707 -1.23 -1.32 0.09            219 1104 5.04 
897.0 98.797               299 1259 4.21 
897.5 98.886 -1.07 -1.32 0.26            398 1078 2.71 
898.0 98.976               304 1137 3.74 
898.5 99.065 -1.15 -1.34 0.19 0.83 11.50 3.65 23.28 23.35 5156 0.890 24.84 24.16 24.38 21.99 366 860 2.35 
899.0 99.155               356 1144 3.21 
899.5 99.244 -1.16 -1.17 0.01            382 1100 2.88 
900.0 99.334               349 1096 3.14 
900.5 99.423 -1.14 -1.12 -0.02 0.90 11.88 3.78 23.61 23.46 2731 0.930 26.62 23.51 23.49 23.76 310 903 2.91 
901.0 99.513               142 937 6.60 
901.5 99.602 -1.32 -1.10 -0.22 0.75 10.80 3.82 23.72 24.30 4258 0.920 26.41 22.70 22.45 25.22 206 863 4.19 
902.0 99.692               296 962 3.25 
902.5 99.781 -1.09 -1.26 0.16            322 875 2.72 
903.0 99.871               282 968 3.43 
903.5 99.960 -1.02 -1.36 0.34            262 947 3.61 
904.0 100.101               415 908 2.19 
904.5 100.241 -1.12 -1.15 0.03 0.81 11.63 3.58 23.07 23.04 3834 0.920 26.40 23.19 23.21 22.90 238 924 3.88 
905.0 100.382               317 982 3.10 
905.5 100.522 -1.09 -1.21 0.11            232 1018 4.39 
906.0 100.663               229 1020 4.45 
906.5 100.803 -1.23 -1.21 -0.02            236 1113 4.72 
907.0 100.944               278 1171 4.21 
907.5 101.084 -0.97 -1.23 0.26 1.03 11.83 3.70 23.40 23.26 5809 0.940 26.94 24.59 24.88 21.65 189 1194 6.32 
908.0 101.225               207 1223 5.91 
908.5 101.366 -1.14 -1.15 0.01            146 1230 8.42 
909.0 101.506               265 1085 4.09 
909.5 101.647 -1.39 -1.29 -0.10            236 1372 5.81 
910.0 101.787               259 1284 4.96 
910.5 101.928 -1.01 -1.29 0.29 1.07 12.25 3.84 23.78 23.40 6937 0.940 27.11 25.07 25.39 21.88 354 1346 3.80 
911.0 102.068               324 1335 4.12 
911.5 102.209 -1.21 -1.32 0.11            242 1387 5.73 
912.0 102.349               281 1534 5.46 
912.5 102.490 -1.17 -1.29 0.11            311 1595 5.13 
913.0 102.631               262 1482 5.66 
913.5 102.771 -1.28 -1.50 0.21 0.70  3.67 23.32  6020 0.950 27.58 24.29 24.53 21.89 266 1012 3.80 
914.0 102.912               284 940 3.31 
914.5 103.052 -1.12 -1.40 0.28            235 847 3.60 
915.0 103.193               105 1209 11.51 
915.5 103.333 -1.04 -1.20 0.16            151 1346 8.91 
916.0 103.474               258 1587 6.15 
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916.5 103.614 -1.62 -1.25 -0.37 0.47  3.88 23.86  5798 0.950 27.51 22.15 21.74 26.34 260 1311 5.04 
917.0 103.755               384 994 2.59 
917.5 103.896 -1.36 -1.43 0.06            289 1189 4.11 
918.0 104.036               237 1276 5.38 
918.5 104.177 -1.42 -1.23 -0.20            153 1323 8.65 
919.0 104.317               266 1329 5.00 
919.5 104.458 -1.43 -1.39 -0.04 0.60  3.75 23.54  5583 0.950 27.53 23.34 23.29 23.83 307 1314 4.28 
920.0 104.598               340 1420 4.18 
920.5 104.739 -1.38 -1.32 -0.05 0.79  4.03 24.23  3785 0.950 27.71 23.98 23.92 24.59 239 1470 6.15 
921.0 104.879               290 1529 5.27 
921.5 105.020 -1.36 -1.34 -0.02 0.72  3.86 23.81     23.72 23.70 23.95 254 1436 5.65 
922.0 105.161               280 1459 5.21 
922.5 105.301 -1.23 -1.37 0.14 0.94  4.03 24.24  2540 0.950 27.34 24.86 25.01 23.33 263 1359 5.17 
923.0 105.442               301 1179 3.92 
923.5 105.582 -1.54 -1.40 -0.14            349 1215 3.48 
924.0 105.723               211 1193 5.65 
924.5 105.863 -1.36 -1.51 0.15            326 1301 3.99 
925.0 106.004               294 1320 4.49 
925.5 106.144 -0.97 -1.22 0.24 1.04 9.44 3.72 23.44 24.99 3787 0.960 27.75 24.56 24.83 21.82 278 1134 4.08 
926.0 106.285               378 1348 3.57 
926.5 106.426 -1.17 -1.31 0.14            361 1245 3.45 
927.0 106.566               301 1151 3.82 
927.5 106.707 -1.21 -1.26 0.05            331 1042 3.15 
928.0 106.847               481 1216 2.53 
928.5 106.988 -1.23 -1.10 -0.13 0.91 11.00 3.98 24.12 24.59 2404 0.940 27.04 23.53 23.39 24.98 286 1202 4.20 
929.0 107.128               324 1168 3.60 
929.5 107.269 -1.02 -1.24 0.22            305 1151 3.77 
930.0 107.409               273 1109 4.06 
930.5 107.550 -0.87 -1.15 0.29 1.10 12.33 3.64 23.24 22.78 3248 0.950 27.59 24.54 24.86 21.34 302 1096 3.63 
931.0 107.671               334 1370 4.10 
931.5 107.793 -0.88 -1.12 0.25 0.99 10.57 3.45 22.72 23.38 3157 0.940 27.02 23.85 24.12 21.07 373 1463 3.92 
932.0 107.914               304 1310 4.31 
932.5 108.036 -0.99 -0.89 -0.09            290 1407 4.85 
933.0 108.157               245 1293 5.28 
933.5 108.279 -1.01 -1.08 0.07            260 1222 4.70 
934.0 108.400               247 1362 5.51 
934.5 108.521 -0.90 -0.97 0.07 1.11 9.09 3.71 23.44 25.25 3608 0.930 26.87 23.76 23.84 22.96 315 1315 4.17 
935.0 108.643               450 1465 3.26 
935.5 108.764 -1.06 -0.79 -0.27            310 1420 4.58 
936.0 108.886               319 1402 4.39 
936.5 109.007 -0.97 -0.97 0.00            353 1413 4.00 
937.0 109.128               229 1665 7.27 
937.5 109.250 -1.27 -1.23 -0.04 0.76  3.76 23.57  4717 0.930 26.84 23.38 23.34 23.83 215 1740 8.09 
938.0 109.371               339 1631 4.81 
938.5 109.493 -1.01 -0.67 -0.34            282 1536 5.45 
939.0 109.614               323 1716 5.31 
939.5 109.736 -1.03 -0.96 -0.07            323 1416 4.38 
940.0 109.857               241 1409 5.85 
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940.5 109.978 -1.05 -1.06 0.00 1.03  3.86 23.82  8975 0.940 27.21 23.83 23.83 23.81 355 1547 4.36 
941.0 110.100               350 1705 4.87 
941.5 110.221 -1.04 -0.94 -0.10            321 1556 4.85 
942.0 110.343               262 1373 5.24 
942.5 110.464 -1.06 -0.90 -0.16            257 1421 5.53 
943.0 110.585               345 1551 4.50 
943.5 110.707 -0.99 -0.88 -0.11      8288 0.930 26.71    344 1823 5.30 
944.0 110.828               326 1702 5.22 
944.5 110.950 -1.31 -0.82 -0.49            304 1720 5.66 
945.0 111.071               330 1783 5.40 
945.5 111.193 -1.21 -1.13 -0.08            286 1805 6.31 
946.0 111.314               448 1793 4.00 
946.5 111.435 -1.09 -0.92 -0.18      6049 0.930 26.83    333 1715 5.15 
947.0 111.557               365 1883 5.16 
947.5 111.678 -1.19 -0.91 -0.28            346 1792 5.18 
948.0 111.800               362 1907 5.27 
948.5 111.921 -1.27 -1.09 -0.18            226 1732 7.66 
949.0 112.042               266 1876 7.05 
949.5 112.164 -1.38 -1.02 -0.35 0.66  3.76 23.57  7468 0.950 27.35 21.96 21.57 25.92 371 1656 4.46 
950.0 112.285               268 1378 5.14 
950.5 112.407 -1.30 -1.25 -0.04      4554 0.950 27.39    276 1588 5.75 
951.0 112.528               272 1925 7.08 
951.5 112.650 -1.20 -0.90 -0.30            247 2062 8.35 
952.0 112.771               289 1922 6.65 
952.5 112.892 -1.13 -0.89 -0.24 0.70 10.00 3.40 22.58 23.64 6234 0.950 27.34 21.49 21.22 24.16 281 2153 7.66 
953.0 113.014               474 2135 4.50 
953.5 113.135 -1.17 -0.81 -0.36            340 1899 5.59 
954.0 113.257               327 1583 4.84 
954.5 113.378 -1.20 -0.62 -0.57            333 1933 5.80 
955.0 113.499               297 1793 6.04 
955.5 113.621 -0.96 -0.65 -0.31 0.98 9.53 3.57 23.06 24.51 5060 0.960 27.87 21.65 21.30 25.12 268 1796 6.70 
956.0 113.742               161 1938 12.04 
956.5 113.864 -1.25 -0.86 -0.39            321 2137 6.66 
957.0 113.985               403 1990 4.94 
957.5 114.107 -1.15 -0.75 -0.40            411 2182 5.31 
958.0 114.228               345 2048 5.94 
958.5 114.349 -1.25 -1.13 -0.12      3296 0.960 27.84    339 1992 5.88 
959.0 114.471               459 1915 4.17 
959.5 114.592 -1.44 -0.93 -0.50            403 2260 5.61 
960.0 114.714               239 2043 8.55 
960.5 114.835 -0.86 -0.81 -0.05      4328 0.950 27.73    380 2036 5.36 
961.0 114.956               288 1939 6.73 
961.5 115.078 -1.53 -0.76 -0.77      2871 0.950 27.45    348 1909 5.49 
962.0 115.199               327 1803 5.51 
962.5 115.321 -1.46 -0.80 -0.66            392 1869 4.77 
963.0 115.442               337 1943 5.77 
963.5 115.564 -1.33 -0.54 -0.79            448 1859 4.15 
964.0 115.685               345 2026 5.87 
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964.5 115.806 -1.38 -0.57 -0.81      2099 0.960 27.89    354 2014 5.69 
965.0 115.928               148 1817 12.28 
965.5 116.049 -1.27 -0.54 -0.73            330 1872 5.67 
966.0 116.171               379 1771 4.67 
966.5 116.292 -1.41 -0.68 -0.72            484 1921 3.97 
967.0 116.414               375 1774 4.73 
967.5 116.535 -1.52 -1.28 -0.25      5507 0.960 28.03    458 1865 4.07 
968.0 116.656               322 2003 6.22 
968.5 116.778 -1.55 -1.15 -0.40            393 1870 4.76 
969.0 116.899               417 1843 4.42 
969.5 117.021 -1.20 -1.30 0.10            361 1767 4.89 
970.0 117.142               351 1858 5.29 
970.5 117.263 -1.18 -0.88 -0.30 1.04  4.14 24.49  3337 0.970 28.48 23.12 22.78 26.50 445 2040 4.58 
971.0 117.385               425 1626 3.83 
971.5 117.506 -1.49 -1.13 -0.36            300 1876 6.25 
972.0 117.628               349 1981 5.68 
972.5 117.749 -1.43 -0.79 -0.64            337 1689 5.01 
973.0 117.871               399 1858 4.66 
973.5 117.992 -1.76 -1.18 -0.58 0.38 11.14 3.96 24.08 24.45 1719 0.960 27.97 21.44 20.80 27.93 360 1877 5.21 
974.0 118.113               397 1777 4.48 
974.5 118.235 -1.64 -0.96 -0.68            280 1805 6.45 
975.0 118.356               356 1720 4.83 
975.5 118.478 -1.64 -0.98 -0.66            376 1820 4.84 
976.0 118.599               401 1871 4.67 
976.5 118.720 -1.83 -1.17 -0.66      4937 0.980 28.67    341 1728 5.07 
977.0 118.842               348 1773 5.09 
977.5 118.963 -1.70 -1.11 -0.59            412 1752 4.25 
978.0 119.085               263 1859 7.07 
978.5 119.206 -1.66 -1.21 -0.45            315 1792 5.69 
979.0 119.328               439 1732 3.95 
979.5 119.449 -1.79 -1.27 -0.52 0.50 8.70 4.28 24.83 27.06 3560 0.970 28.58 22.47 21.89 28.28 516 1929 3.74 
980.0 119.570               353 1900 5.38 
980.5 119.692 -1.68 -1.24 -0.44      2806 0.970 28.19    401 1987 4.96 
981.0 119.813               284 2062 7.26 
981.5 119.935 -1.76 -1.12 -0.65            408 1850 4.53 
982.0 120.056               290 1864 6.43 
982.5 120.177 -1.38 -1.28 -0.10 0.82 9.29 4.09 24.38 26.10 3842 0.980 28.85 23.92 23.81 25.04 296 1919 6.48 
983.0 120.299               322 1838 5.71 
983.5 120.420 -1.83 -1.41 -0.41            373 1816 4.87 
984.0 120.542               513 1789 3.49 
984.5 120.663 -1.79 -1.31 -0.48            261 2036 7.80 
985.0 120.785               365 2022 5.54 
985.5 120.906 -1.82 -1.54 -0.28 0.48 10.67 4.30 24.87 25.62 3074 0.970 28.52 23.60 23.29 26.72 455 1840 4.04 
986.0 121.027               256 1936 7.56 
986.5 121.149 -1.46 -1.07 -0.39            325 2027 6.24 
987.0 121.270               245 1835 7.49 
987.5 121.392 -1.88 -1.28 -0.60            388 2031 5.23 
988.0 121.513               304 2209 7.27 
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988.5 121.634 -1.72 -1.50 -0.22 0.39  3.91 23.94  2378 0.970 28.49 22.93 22.68 25.42 219 2072 9.46 
989.0 121.756               321 2130 6.64 
989.5 121.877 -1.69 -1.46 -0.23  8.72          345 1760 5.10 
990.0 121.999                  
990.5 122.120 -1.56 -1.21 -0.35 0.76 9.04 4.34 24.98 26.94 3013 0.980 28.62 23.37 22.98 27.32    
991.0 122.242                  
991.5 122.363 -1.61 -1.45 -0.16 0.55 10.36 4.01 24.19 25.11 2342 0.980 28.78 23.48 23.31 25.22    
992.0 122.484               261 2003 7.67 
992.5 122.606 -1.71 -1.38 -0.32            231 2039 8.83 
993.0 122.727               309 2046 6.62 
993.5 122.849 -1.94 -1.94 0.00            321 1873 5.83 
994.0 122.970               209 1978 9.46 
994.5 123.091 -2.00 -1.82 -0.18 0.30 9.60 4.31 24.89 26.42 2809 0.980 28.78 24.08 23.88 26.07 299 1749 5.85 
995.0 123.213               359 1817 5.06 
995.5 123.334 -1.92 -1.58 -0.34  9.27          304 1692 5.57 
996.0 123.456               492 1954 3.97 
996.5 123.577 -2.25 -1.80 -0.45  9.83          502 1883 3.75 
997.0 123.699               226 1884 8.34 
997.5 123.820 -1.96 -1.97 0.02 0.33 9.60 4.28 24.82 26.34 2570 0.980 28.66 24.89 24.91 24.71 276 1723 6.24 
998.0 123.897               207 1712 8.27 
998.5 123.975 -2.10 -1.43 -0.66  10.33          295 1914 6.49 
999.0 124.052               487 1731 3.55 
999.5 124.129 -1.74 -1.37 -0.38  9.88          475 1780 3.75 
1000.0 124.207               268 1791 6.68 
1000.5 124.284 -1.90 -1.62 -0.28 0.51 9.91 4.55 25.42 26.76 2567 0.980 28.73 24.14 23.83 27.29 440 1647 3.74 
1001.0 124.361               226 1800 7.96 
1001.5 124.439 -1.51 -1.83 0.32  9.40          386 1732 4.49 
1002.0 124.516               225 1862 8.28 
1002.5 124.593 -1.79 -1.27 -0.52  9.57          376 1756 4.67 
1003.0 124.671               362 1800 4.97 
1003.5 124.748 -1.77 -1.44 -0.33 0.75 10.19 4.80 25.96 27.13 1548 0.970 28.50 24.47 24.11 28.13 330 1799 5.45 
1004.0 124.825               288 1813 6.30 
1004.5 124.903 -1.46 -1.56 0.09  8.72          194 1605 8.27 
1005.0 124.980               461 1421 3.08 
1005.5 125.057 -1.53 -1.41 -0.12  9.30          275 1167 4.24 
1006.0 125.135               425 1165 2.74 
1006.5 125.212 -1.72 -1.48 -0.24 0.62 10.52 4.40 25.10 25.97 2091 0.970 28.52 24.00 23.74 26.69 293 1066 3.64 
1007.0 125.289               243 1139 4.69 
1007.5 125.367 -1.52 -1.39 -0.13  11.38          278 1134 4.08 
1008.0 125.444               304 1049 3.45 
1008.5 125.521 -1.56 -1.22 -0.33  10.42          252 1352 5.37 
1009.0 125.599               308 1050 3.41 
1009.5 125.676 -1.21 -1.07 -0.14 1.21 10.07 4.57 25.48 26.70 1331 0.980 28.87 24.85 24.69 26.39 334 1096 3.28 
1010.0 125.754               154 1110 7.21 
1010.5 125.831 -1.12 -1.03 -0.09  10.33    1606 0.970 28.53    328 1450 4.42 
1011.0 125.908               408 1121 2.75 
1011.5 125.986 -1.23 -1.35 0.12  9.12          249 952 3.82 
1012.0 126.063               459 877 1.91 
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1012.5 126.140 -1.39 -0.89 -0.50 1.02 9.88 4.53 25.39 26.75 2186 0.980 28.74 23.13 22.58 28.69 461 983 2.13 
1013.0 126.218               330 1008 3.05 
1013.5 126.295 -1.07 -0.97 -0.10  10.58          189 1095 5.79 
1014.0 126.372               454 887 1.95 
1014.5 126.450 -1.21 -1.14 -0.07  9.92          575 767 1.33 
1015.0 126.527               348 712 2.05 
1015.5 126.604 -1.35 -1.09 -0.26 1.09 10.24 4.60 25.54 26.64 1844 0.970 28.48 24.36 24.07 27.26 253 874 3.45 
1016.0 126.682               262 647 2.47 
1016.5 126.759 -1.35 -0.96 -0.39  10.31          262 786 3.00 
1017.0 126.836               264 704 2.67 
1017.5 126.914 -1.43 -0.96 -0.47  10.46          273 764 2.80 
1018.0 126.991               325 643 1.98 
1018.5 127.068 -1.04 -0.77 -0.27  10.25    1688 0.970 28.35    459 838 1.83 
1019.0 127.146               239 621 2.60 
1019.5 127.223 -1.22 -0.82 -0.40 1.27 10.97 4.74 25.83 26.44    24.00 23.56 28.48 278 588 2.12 
1020.0 127.300               278 574 2.06 
1020.5 127.378 -0.93 -0.85 -0.07  10.38    966 0.970 28.47    327 545 1.67 
1021.0 127.455               310 554 1.79 
1021.5 127.532 -0.94 -0.76 -0.18 1.40 10.33 4.41 25.13 26.14 1537 0.980 28.67 24.30 24.10 26.34 195 497 2.55 
1022.0 127.610               384 613 1.60 
1022.5 127.687 -0.87 -0.57 -0.30  10.94          269 498 1.85 
1023.0 127.764               177 495 2.80 
1023.5 127.842 -0.93 -0.64 -0.30  9.85          227 513 2.26 
1024.0 127.919               279 772 2.77 
1024.5 127.996 -0.83 -0.77 -0.06 1.61 10.32 4.62 25.58 26.63 2086 0.950 27.56 25.30 25.24 25.99 241 609 2.53 
1025.0 128.074               400 618 1.55 
1025.5 128.151 -0.81 -0.71 -0.11  10.36          166 659 3.97 
1026.0 128.228               443 622 1.40 
1026.5 128.306 -1.03 -0.65 -0.38  10.71          180 810 4.50 
1027.0 128.383               290 501 1.73 
1027.5 128.460 -0.61 -0.35 -0.26 1.68 10.42 4.27 24.81 25.74 1368 0.960 27.75 23.65 23.37 26.51 539 538 1.00 
1028.0 128.538               233 655 2.81 
1028.5 128.615 -0.48 -0.44 -0.05  10.35          242 740 3.06 
1029.0 128.692               394 839 2.13 
1029.5 128.770 -0.46 -0.31 -0.16  10.31          246 859 3.49 
1030.0 128.847               344 735 2.14 
1030.5 128.924 -0.69 -0.32 -0.37 1.51 10.42 4.09 24.38 25.27 1504 0.970 28.31 22.72 22.31 26.81 236 528 2.24 
1031.0 129.002               359 716 1.99 
1031.5 129.079 -0.49 -0.59 0.10  11.25          252 677 2.69 
1032.0 129.156               245 690 2.82 
1032.5 129.234 -0.52 -0.22 -0.29  11.16          269 555 2.06 
1033.0 129.311               219 691 3.16 
1033.5 129.389 -0.58 -0.34 -0.24 1.79 10.66 4.45 25.21 25.99 1142 0.950 27.53 24.12 23.85 26.79 291 664 2.28 
1034.0 129.466               251 621 2.47 
1034.5 129.543 -0.51 -0.37 -0.14  10.25          303 602 1.99 
1035.0 129.621               339 401 1.18 
1035.5 129.698 -0.47 -0.33 -0.14  11.77          223 503 2.26 
1036.0 129.775               208 507 2.44 
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1036.5 129.853 -0.46 -0.29 -0.17 1.84 10.69 4.30 24.88 25.62 2023 0.950 27.63 24.11 23.92 26.01 261 519 1.99 
1037.0 129.930               257 407 1.58 
1037.5 130.007 -0.37 -0.31 -0.06  10.11          251 619 2.47 
1038.0 130.085               345 583 1.69 
1038.5 130.162 -0.62 -0.44 -0.18  11.48          291 493 1.69 
1039.0 130.239               263 576 2.19 
1039.5 130.317 -0.57 -0.21 -0.36 1.71 11.16 4.26 24.78 25.18 2057 0.940 27.05 23.15 22.75 27.15 360 670 1.86 
1040.0 130.394               218 527 2.42 
1040.5 130.471 -0.39 -0.25 -0.14  11.00    1545 0.960 27.76    269 548 2.04 
1041.0 130.549               332 574 1.73 
1041.5 130.626 -0.35 -0.33 -0.01  9.97    2099 0.950 27.44    212 717 3.38 
1042.0 130.703               252 809 3.21 
1042.5 130.781 -0.24 -0.18 -0.06 1.76 8.97 3.70 23.39 25.29    23.13 23.06 23.78 436 751 1.72 
1043.0 130.858               322 595 1.85 
1043.5 130.935 -0.38 -0.28 -0.10  9.73          337 595 1.77 
1044.0 131.013               380 791 2.08 
1044.5 131.090 -0.14 -0.13 -0.01  10.53          172 665 3.87 
1045.0 131.178               436 591 1.36 
1045.5 131.265 -0.51 -0.08 -0.43 1.63 10.46 3.97 24.08 24.92 2108 0.940 26.99 22.14 21.67 26.91 204 592 2.90 
1046.0 131.358               545 543 1.00 
1046.5 131.450 -0.56 -0.06 -0.50  11.23          295 627 2.13 
1047.0 131.543               458 683 1.49 
1047.5 131.636 -0.28 0.12 -0.40  11.04          420 788 1.88 
1048.0 131.728               363 598 1.65 
1048.5 131.821 -0.95 -0.15 -0.80 1.43 9.57 4.46 25.24 26.82 3045 0.930 26.68 21.61 20.73 30.53 379 658 1.74 
1049.0 131.913               316 640 2.03 
1049.5 132.006 -0.74 -0.07 -0.68  10.63          466 672 1.44 
1050.0 132.099               358 741 2.07 
1050.5 132.191 -0.12 -0.12 0.00  10.10    3673 0.940 26.92    377 933 2.47 
1051.0 132.284               375 798 2.13 
1051.5 132.377 -0.31 0.03 -0.34 1.77 10.41 3.84 23.77 24.63 1679 0.960 27.77 22.24 21.87 26.01 399 739 1.85 
1052.0 132.469               394 701 1.78 
1052.5 132.562 -0.26 -0.20 -0.06  10.08          352 878 2.49 
1053.0 132.654               314 856 2.73 
1053.5 132.747 -0.60 -0.15 -0.45  10.74          364 1003 2.76 
1054.0 132.840               431 913 2.12 
1054.5 132.932 -0.51 -0.21 -0.30 1.44 9.86 3.59 23.11 24.31 2685 0.940 27.00 21.76 21.43 25.08 321 904 2.82 
1055.0 133.025               466 941 2.02 
1055.5 133.117 -1.06 -0.42 -0.64  9.50          369 940 2.55 
1056.0 133.210               396 883 2.23 
1056.5 133.303 -0.66 -0.18 -0.48  10.56          371 900 2.43 
1057.0 133.395               462 955 2.07 
1057.5 133.488 -0.19 -0.12 -0.07 1.70 10.38 3.51 22.89 23.70 6166 0.920 26.30 22.57 22.50 23.35 293 1049 3.58 
1058.0 133.580               392 1027 2.62 
1058.5 133.673 -0.27 -0.21 -0.05  7.92          368 838 2.28 
1059.0 133.766               300 769 2.56 
1059.5 133.858 -0.35 -0.15 -0.20  9.65          356 1028 2.89 
1060.0 133.951               380 1052 2.77 
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1060.5 134.043 -0.40 -0.11 -0.29 1.77 11.63 4.02 24.22 24.27 3917 0.930 26.67 22.90 22.58 26.14 289 985 3.41 
1061.0 134.136               536 1009 1.88 
1061.5 134.229 -0.31 -0.20 -0.11  9.33          354 1131 3.19 
1062.0 134.321               376 1035 2.75 
1062.5 134.414 -0.38 -0.16 -0.22  10.29          492 967 1.97 
1063.0 134.507               405 1052 2.60 
1063.5 134.599 -0.60 -0.18 -0.42 1.28 9.86 3.49 22.82 24.00 5109 0.920 26.40 20.89 20.42 25.63 320 983 3.07 
1064.0 134.692               454 967 2.13 
1064.5 134.784 -0.22 -0.05 -0.16  10.83          441 1170 2.65 
1065.0 134.877               385 1115 2.90 
1065.5 134.970 -0.17 -0.16 -0.02  10.54          335 1118 3.34 
1066.0 135.062               438 1001 2.29 
1066.5 135.155 -0.06 0.02 -0.07 2.04 10.74 3.88 23.87 24.50 6675 0.920 26.38 23.53 23.45 24.37 356 1067 3.00 
1067.0 135.247               383 1013 2.64 
1067.5 135.340 -0.03 0.04 -0.07  9.75          435 994 2.29 
1068.0 135.410               415 940 2.27 
1068.5 135.480 -0.31 -0.16 -0.15  11.19          336 977 2.91 
1069.0 135.544               364 958 2.63 
1069.5 135.609 0.07 -0.30 0.37 1.94 9.54 3.46 22.75 24.17 5801 0.920 26.21 24.45 24.87 20.27 386 1118 2.90 
1070.0 135.674               349 918 2.63 
1070.5 135.739 -0.33 -0.18 -0.15  9.56    3366 0.920 26.34    312 1094 3.51 
1071.0 135.803               461 1049 2.28 
1071.5 135.868 -0.15 0.04 -0.19  11.50          354 1010 2.85 
1072.0 135.933               303 950 3.14 
1072.5 135.998 -0.05 -0.10 0.05 1.83 10.04 3.49 22.83 23.88 6214 0.920 26.27 23.03 23.08 22.52 385 961 2.50 
1073.0 136.062               462 898 1.94 
1073.5 136.127 -0.31 0.00 -0.30  11.13          327 1056 3.23 
1074.0 136.192               450 942 2.09 
1074.5 136.257 -0.11 -0.08 -0.03  10.50          352 934 2.65 
1075.0 136.322               365 993 2.72 
1075.5 136.386 -0.19 0.02 -0.21 1.79 9.68 3.66 23.30 24.65 4406 0.930 26.57 22.37 22.14 24.66 426 959 2.25 
1076.0 136.451               440 903 2.05 
1076.5 136.516 -0.02 0.13 -0.15  10.42          388 1168 3.01 
1077.0 136.581               383 966 2.52 
1077.5 136.645 -0.26 0.05 -0.31  10.22          418 953 2.28 
1078.0 136.710               401 968 2.41 
1078.5 136.775 -0.16 -0.14 -0.02 1.82 10.15 3.66 23.29 24.29 7136 0.930 26.74 23.20 23.18 23.41 305 952 3.12 
1079.0 136.840               497 1026 2.06 
1079.5 136.904 -0.19 -0.07 -0.12            419 1040 2.48 
1080.0 136.969               389 996 2.56 
1080.5 137.034 0.04 -0.13 0.17  11.95    3454 0.930 26.74    375 1093 2.91 
1081.0 137.099               389 985 2.53 
1081.5 137.164 0.01 -0.08 0.09 1.91 9.05 3.51 22.89 24.70 6555 0.920 26.28 23.30 23.39 22.30 477 1099 2.30 
1082.0 137.228               434 980 2.26 
1082.5 137.293 0.05 -0.01 0.06            380 980 2.58 
1083.0 137.358               348 918 2.64 
1083.5 137.423 -0.09 0.05 -0.14            332 1036 3.12 
1084.0 137.487               516 902 1.75 
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1084.5 137.552 -0.07 -0.49 0.42 1.90 9.58 3.65 23.26 24.69 5963 0.930 26.49 25.17 25.64 20.47 366 1001 2.73 
1085.0 137.617               346 801 2.32 
1085.5 137.682 0.00 -0.10 0.11            392 1089 2.78 
1086.0 137.746               478 894 1.87 
1086.5 137.811 -0.03 -0.20 0.17            478 916 1.92 
1087.0 137.876               438 1044 2.38 
1087.5 137.941 -0.03 0.01 -0.04 1.74 9.86 3.28 22.23 23.37 5769 0.920 26.39 22.06 22.02 22.48 397 999 2.52 
1088.0 138.006               373 1066 2.86 
1088.5 138.070 0.09 -0.11 0.20            256 968 3.78 
1089.0 138.135               430 1023 2.38 
1089.5 138.200 -0.04 -0.05 0.00            384 892 2.32 
1090.0 138.265               434 641 1.48 
1090.5 138.329 -0.08 -0.14 0.06 1.68 10.57 3.29 22.26 22.89 5103 0.920 26.27 22.51 22.57 21.89 419 1007 2.40 
1091.0 138.394               416 933 2.24 
1091.5 138.459 -0.03 -0.02 -0.01            383 1057 2.76 
1092.0 138.524               346 1171 3.38 
1092.5 138.588 0.05 -0.13 0.19            336 1008 3.00 
1093.0 138.653               320 1039 3.25 
1093.5 138.718 -0.05 -0.14 0.10 1.72 10.31 3.29 22.25 23.06 6213 0.920 26.23 22.68 22.79 21.61 423 1089 2.57 
1094.0 138.783               230 999 4.34 
1094.5 138.848 0.01 -0.23 0.23            362 964 2.66 
1095.0 138.912               319 954 2.99 
1095.5 138.977 -0.23 -0.07 -0.16            363 1019 2.81 
1096.0 139.042               487 949 1.95 
1096.5 139.107 -0.14 -0.03 -0.11 1.52 10.58 3.13 21.76 22.34 5317 0.920 26.35 21.24 21.12 22.50 385 966 2.51 
1097.0 139.171               427 850 1.99 
1097.5 139.236 -0.07 -0.28 0.21            304 1089 3.58 
1098.0 139.301               462 982 2.13 
1098.5 139.366 -0.32 -0.27 -0.04            355 1047 2.95 
1099.0 139.430               459 1001 2.18 
1099.5 139.495 -0.06 -0.10 0.04 1.81 10.20 3.47 22.76 23.69 5168 0.920 26.29 22.94 22.98 22.51 418 1008 2.41 
1100.0 139.560               520 953 1.83 
1100.5 139.625 -0.08 -0.10 0.02  10.76    7380 0.920 26.26    390 897 2.30 
1101.0 139.689               372 904 2.43 
1101.5 139.754 0.02 -0.18 0.20            427 980 2.30 
1102.0 139.819               405 1024 2.53 
1102.5 139.884 -0.07 -0.23 0.16 1.64 10.80 3.20 21.98 22.43 4324 0.920 26.33 22.71 22.88 20.92 414 1003 2.42 
1103.0 139.949               479 1034 2.16 
1103.5 140.013 -0.07 -0.18 0.11            398 944 2.37 
1104.0 140.078               392 903 2.30 
1104.5 140.143 0.01 -0.38 0.38            352 1047 2.97 
1105.0 140.208               347 907 2.61 
1105.5 140.272 -0.17 -0.17 0.00 1.65 11.63 3.39 22.53 22.46 7044 0.920 26.13 22.54 22.55 22.51 400 812 2.03 
1106.0 140.337               307 890 2.90 
1106.5 140.402 -0.08 -0.19 0.11            303 771 2.54 
1107.0 140.467               306 825 2.70 
1107.5 140.531 -0.07 -0.12 0.05            304 775 2.55 
1108.0 140.596               327 735 2.25 
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1108.5 140.661 -0.02 -0.13 0.10 1.80 10.44 3.39 22.53 23.27 4201 0.920 26.21 23.01 23.12 21.84 438 770 1.76 
1109.0 140.726               287 871 3.03 
1109.5 140.791 -0.30 -0.23 -0.07            457 806 1.76 
1110.0 140.855               357 902 2.53 
1110.5 140.920 -0.26 -0.28 0.02 1.51 10.19 3.31 22.31 23.21 2443 0.930 26.53 22.38 22.38 22.22    
1111.0 140.985                  
1111.5 141.050 -0.10 -0.11 -0.13               
1112.0 141.114                  
1112.5 141.179 -0.27 -0.14 -0.02               
1113.0 141.244               361 719 1.99 
1113.5 141.309 -0.10 -0.08 0.06            400 895 2.24 
1114.0 141.373               349 560 1.60 
1114.5 141.438 -0.23 -0.29 0.10 1.55 10.60 3.31 22.31 22.93 5975 0.920 26.22 22.76 22.67 21.90 407 942 2.31 
1115.0 141.503               304 926 3.05 
1115.5 141.568 -0.31 -0.40 0.10            395 1046 2.65 
1116.0 141.633               272 999 3.67 
1116.5 141.697 -0.35 -0.40 0.04            419 981 2.34 
1117.0 141.762               371 1023 2.76 
1117.5 141.827 -0.20 -0.43 0.22 1.51 9.67 3.21 22.02 23.29 6052 0.920 26.35 23.03 23.27 20.55 314 882 2.81 
1118.0 141.892               289 767 2.65 
1118.5 141.956 -0.22 -0.44 0.22            317 831 2.62 
1119.0 142.021               275 774 2.81 
1119.5 142.086 -0.24 -0.33 0.09            380 928 2.44 
1120.0 142.151               470 773 1.64 
1120.5 142.215 -0.40 -0.39 -0.01 1.50 10.73 3.52 22.90 23.47 2683 0.940 27.03 22.85 22.84 22.98 377 817 2.17 
1121.0 142.280               390 928 2.38 
1121.5 142.345 -0.36 -0.22 -0.14            307 684 2.23 
1122.0 142.410               321 918 2.86 
1122.5 142.475 -0.08 -0.53 -0.02            339 919 2.71 
1123.0 142.539               325 838 2.58 
1123.5 142.604 -0.21 -0.23 0.02 1.53 9.64 3.24 22.11 23.40 3487 0.920 26.12 22.22 22.24 21.95 362 722 1.99 
1124.0 142.669               333 847 2.54 
1124.5 142.734 -0.24 -0.39 0.15            385 870 2.26 
1125.0 142.798               428 683 1.60 
1125.5 142.863 -0.04 -0.37 0.33            372 641 1.72 
1126.0 142.928               380 636 1.67 
1126.5 142.993 -0.17 -0.35 0.18 1.64 9.62 3.36 22.46 23.79 3059 0.920 26.05 23.27 23.47 21.26 285 710 2.49 
1127.0 143.057               359 680 1.89 
1127.5 143.122 -0.28 -0.31 0.03            380 703 1.85 
1128.0 143.187               299 815 2.73 
1128.5 143.252 -0.16 -0.35 0.19            360 816 2.27 
1129.0 143.317               447 880 1.97 
1129.5 143.381 -0.23 -0.27 0.04 1.50 9.00 3.24 22.09 23.87 4205 0.930 26.66 22.27 22.31 21.82 414 693 1.67 
1130.0 143.446               328 797 2.43 
1130.5 143.511 -0.30 -0.11 -0.19            389 710 1.83 
1131.0 143.576               337 807 2.39 
1131.5 143.640 -0.08 -0.18 0.10            333 902 2.71 
1132.0 143.705               354 724 2.05 
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1132.5 143.770 -0.26 -0.44 0.18 1.43 10.26 3.17 21.88 22.70 3983 0.950 27.43 22.71 22.91 20.67 362 683 1.89 
1133.0 143.835               309 737 2.39 
1133.5 143.899 -0.24 -0.36 0.12            409 791 1.93 
1134.0 143.964               446 692 1.55 
1134.5 144.029 -0.30 -0.42 0.12            383 687 1.79 
1135.0 144.094               376 717 1.91 
1135.5 144.159 -0.28 -0.33 0.05 1.38 10.61 3.12 21.73 22.29 3193 0.920 26.36 21.94 21.99 21.41 421 789 1.87 
1136.0 144.223               331 660 1.99 
1136.5 144.288 -0.20 -0.24 0.04            313 739 2.36 
1137.0 144.353               278 778 2.80 
1137.5 144.418 -0.41 -0.44 0.03            443 597 1.35 
1138.0 144.482               340 693 2.04 
1138.5 144.547 -0.21 -0.30 0.09 1.56 9.55 3.30 22.27 23.64 3181 0.940 26.90 22.67 22.76 21.69 228 719 3.15 
1139.0 144.612               303 791 2.61 
1139.5 144.677 -0.40 -0.41 0.01            376 817 2.17 
1140.0 144.741               452 640 1.42 
1140.5 144.806 -0.29 -0.47 0.18 1.48  3.29 22.26  1630 0.930 26.82 23.06 23.25 21.09 256 768 3.00 
1141.0 144.871               288 932 3.24 
1141.5 144.936 -0.30 -0.45 0.07  10.63    3420 0.930 26.46    273 835 3.06 
1142.0 145.001               358 800 2.23 
1142.5 145.065 -0.29 -0.46 0.17 1.42  3.20 21.99     22.77 22.96 20.86 246 777 3.16 
1143.0 145.130               397 766 1.93 
1143.5 145.195 -0.51 -0.44 -0.07            286 680 2.38 
1144.0 145.260               252 830 3.29 
1144.5 145.324 -0.46 -0.31 -0.15 1.37 10.29 3.39 22.55 23.40 3746 0.930 26.73 21.87 21.71 23.55 245 722 2.95 
1145.0 145.389               368 681 1.85 
1145.5 145.454 -0.29 -0.31 0.02            345 731 2.12 
1146.0 145.519               295 650 2.20 
1146.5 145.583 -0.45 -0.28 -0.17            449 660 1.47 
1147.0 145.648               470 705 1.50 
1147.5 145.713 -0.33 -0.40 0.06 1.44 10.70 3.31 22.31 22.85 3344 0.930 26.79 22.59 22.66 21.89 453 660 1.46 
1148.0 145.778               335 732 2.19 
1148.5 145.843 -0.46 -0.39 -0.07            453 751 1.66 
1149.0 145.907               371 664 1.79 
1149.5 145.972 -0.28 -0.29 0.01            355 679 1.91 
1150.0 146.037               367 729 1.99 
1150.5 146.102 -0.37 -0.73 0.36 1.44 10.47 3.36 22.47 23.19    24.10 24.50 20.09 426 846 1.99 
1151.0 146.166               388 696 1.79 
1151.5 146.231 -0.16 -0.28 0.12            365 798 2.19 
1152.0 146.296               434 733 1.69 
1152.5 146.361 -0.33 -0.27 -0.06            298 694 2.33 
1153.0 146.425               371 696 1.88 
1153.5 146.490 -0.41 -0.36 -0.05 1.42 10.25 3.39 22.55 23.43 3584 0.920 26.40 22.31 22.25 22.91 343 758 2.21 
1154.0 146.555               342 670 1.96 
1154.5 146.620 -0.26 -0.36 0.10            312 722 2.31 
1155.0 146.684               423 689 1.63 
1155.5 146.749 -0.25 -0.49 0.21            380 819 2.16 
1156.0 146.814               353 658 1.86 
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1156.5 146.879 -0.40 -0.46 0.06 1.50 11.00 3.53 22.93 23.31 1320 0.930 26.50 23.20 23.26 22.54 331 619 1.87 
1157.0 146.944               309 728 2.36 
1157.5 147.008 -0.31 -0.35 0.04            441 561 1.27 
1158.0 147.073               443 659 1.49 
1158.5 147.138 -0.30 -0.29 -0.01            529 663 1.25 
1159.0 147.203               471 588 1.25 
1159.5 147.267 -0.29 -0.51 0.07 1.56 10.08 3.44 22.69 23.70 2123 0.910 25.98 23.00 23.92 21.24 445 637 1.43 
1160.0 147.332               455 546 1.20 
1160.5 147.397 -0.31 -0.21 -0.10  11.10    541 0.910 25.95    297 468 1.58 
1161.0 147.462               382 588 1.54 
1161.5 147.526 -0.27 -0.24 -0.03            284 727 2.56 
1162.0 147.591               462 828 1.79 
1162.5 147.656 -0.21 -0.29 -0.05 1.68 10.56 3.50 22.86 23.54 2254 0.920 26.19 22.63 23.30 22.33 344 601 1.75 
1163.0 147.721               431 599 1.39 
1163.5 147.786 -0.15 -0.28 0.13            283 655 2.31 
1164.0 147.850               507 730 1.44 
1164.5 147.915 -0.27 -0.34 0.07            404 545 1.35 
1165.0 147.980               552 682 1.24 
1165.5 148.045 -0.19 -0.28 0.09 1.57 10.48 3.28 22.23 22.93 1624 0.920 26.28 22.63 22.72 21.66 483 803 1.66 
1166.0 148.109               420 688 1.64 
1166.5 148.174 -0.17 -0.16 -0.01            319 612 1.92 
1167.0 148.239               369 675 1.83 
1167.5 148.304 -0.08 -0.25 0.17            401 694 1.73 
1168.0 148.368               460 721 1.57 
1168.5 148.433 -0.13 -0.11 -0.02 1.64 10.79 3.29 22.26 22.74 2274 0.910 25.98 22.16 22.13 22.42 420 637 1.52 
1169.0 148.498               416 588 1.41 
1169.5 148.563 -0.36 -0.28 -0.07            422 615 1.46 
1170.0 148.628               466 552 1.18 
1170.5 148.692 -0.36 -0.27 -0.08            499 680 1.36 
1171.0 148.757               390 744 1.91 
1171.5 148.822 -0.13 -0.20 0.15 1.71 10.85 3.42 22.62 23.08 1765 0.910 25.80 23.29 23.02 22.14 364 752 2.07 
1172.0 148.887               389 667 1.71 
1172.5 148.951 -0.07 -0.26 0.19            325 673 2.07 
1173.0 149.016               405 618 1.53 
1173.5 149.081 -0.07 -0.19 0.12            429 594 1.38 
1174.0 149.146               387 621 1.60 
1174.5 149.210 -0.10 -0.20 0.10 1.69 10.92 3.33 22.38 22.77 2489 0.910 25.68 22.84 22.95 21.70 514 586 1.14 
1175.0 149.275               506 689 1.36 
1175.5 149.340 0.12 -0.31 0.43            440 662 1.50 
1176.0 149.435               317 536 1.69 
1176.5 149.530 0.00 -0.40 0.40            509 557 1.09 
1177.0 149.630               328 725 2.21 
1177.5 149.730 -0.04 -0.26 0.22 1.69 9.96 3.23 22.08 23.13 1426 0.930 26.51 23.07 23.31 20.63 371 544 1.47 
1178.0 149.825               559 637 1.14 
1178.5 149.920 0.03 -0.11 0.14            415 661 1.59 
1179.0 150.020               442 632 1.43 
1179.5 150.120 -0.05 -0.16 0.12            518 627 1.21 
1180.0 150.215               376 606 1.61 
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1180.5 150.310 -0.20 -0.21 0.01 1.54 10.40 3.26 22.15 22.89 1629 0.910 25.81 22.18 22.18 22.11 383 618 1.61 
1181.0 150.405               503 779 1.55 
1181.5 150.500 -0.01 -0.02 0.01            520 746 1.43 
1182.0 150.600               441 793 1.80 
1182.5 150.700 -0.14 -0.10 -0.04            516 565 1.09 
1183.0 150.795               360 585 1.63 
1183.5 150.890 0.08 -0.07 0.15 1.77 10.27 3.17 21.87 22.69 2463 0.910 25.96 22.56 22.73 20.87 581 822 1.41 
1184.0 150.985               485 815 1.68 
1184.5 151.080 -0.07 -0.28 0.21            402 773 1.92 
1185.0 151.180               360 716 1.99 
1185.5 151.280 0.03 -0.05 0.08               
1186.0 151.375               560 621 1.11 
1186.5 151.470 0.01 -0.12 0.13 1.69 11.65 3.15 21.83 21.70 2289 0.900 25.38 22.44 22.59 20.94 423 702 1.66 
1187.0 151.570               406 757 1.86 
1187.5 151.670 0.06 -0.05 0.12            560 788 1.41 
1188.0 151.765               563 918 1.63 
1188.5 151.860 -0.07 -0.06 -0.01            480 749 1.56 
1189.0 151.955               447 850 1.90 
1189.5 152.050 -0.22 -0.16 -0.07 1.77 10.70 3.70 23.39 24.01 2247 0.910 25.71 23.09 23.02 23.82 382 842 2.20 
1190.0 152.150               385 975 2.53 
1190.5 152.250 0.09 -0.10 0.19            437 868 1.99 
1191.0 152.345               457 693 1.52 
1191.5 152.440 -0.08 -0.11 0.02            445 711 1.60 
1192.0                378 740 1.96 
Appendix III: colour figures
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Fig. 1.13 A plankton bloom off the coast
of Cornwall (UK). Source: Landsat image
form 24th July 1999, courtesy of Steve
Groom, Plymouth Marine Labortatories
Fig. 1.9Composite satellite image of Indian Ocean sea surface temperatures in August. Upwelling
of cold water off the horn of Africa and the Arabian peninsula can clearly be seen. Source: NASA
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Fig. 6.8 The Indian Ocean SST pattern resulting from a model simulation of a North Atlantic melt
water pulse. The experiment mimics the effect of a Heinrich event. A general warming, comparable
to that observed in the data (Figs. 6.4 and 6.5) is generated over the entire basin. The strongest
warming occurs around 45ºS, caused by increased Agulhas retroflection.
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Made it!
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BALLAD
(Sullivan) 1986
When they look back at us and they write down their history
What will they say about our generation?
We're the ones who knew everything and still we did nothing
Harvested everything, planted nothing.
Well we live pretty well in the wake of the goldrush
Floating in comfort on waves of our apathy
Quietly gnawing away at Her body
Until we mortgage the future, bury our children
Storehouses full with the fruits we've been given
We send off the scrag-ends to suckle the starving
But still we can't feed this strange hunger inside
Greedy, restless and unsatisfied.
I was never much one for the great "Big Bang" theory
Going out in a blaze of suicidal glory
Not foolish and brave, these leaders of ours
Just stupid and petty, unworthy of power;
Just a little leak here and a small error there
Another square mile poisoned forever
A series of sad and pathetic little fizzles
And out go the lights, never to return.
The affair it is over, the passion is dead
She stares at us now with ice in Her eyes
But we turn away from these bitter reproaches
And take up distractions to forget what we're doing
I stand on these hills and I watch Her at night
A thousands square miles, a million orange lights
Wounded and scarred, She lies silent in pain
Raped and betrayed in the cold acid rain
And I wish and I wish
We could start over again
Yes I wish and I wish
We could win back Her love once again
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